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Cast in ARALDITE 


This component is a part of the ‘Agglometron’* oil treatment chamber. 
It was cast in ‘Araldite’ because :— 

*An outstanding electrical insulator was needed 

*It had also to be oil-resistant 

*It was important that it should lend itself readily to casting and 
machining 

‘Araldite’ as a casting and as a bonding resin is used in many 
components of the ‘Agglometron’. Its electrical and mech- 
anical properties, its exceptional adhesion to metals and 
ceramics, its resistance to high temperatures, humidity 
and corrosive agents suggest other uses in which the 


_ 


\\ 


_ 


execution of new designs can be made practicable 
and the production of electrical components 
greatly simplified. May we send you full 
descriptive literature ? 
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VV An electrical device developed 
by Mr. O. E. Nekolia of Messrs. 
Menrow Ltd. (a subsidiary company 
of J. & E. Arnfield Ltd.) for agglom- 
erating impurity particles in circulat- 
ing oil to facilitate filtering. The name 
“Agglometron’ is a registered trade mark for 
the high voltage treatment chamber included in 


the filtration plant and is covered by B.P. 698,900. 


THESE ARE THE NEW EPOXIES ! 


‘Araldite’ (regd.) epoxy resins are obtainable in the following forms: 

®@ Hot and cold setting adhesives for metals and most other materials in common use. 

@ Casting Resins for the electrical, mechanical and chemical engineering industries. 

@ Surface Coating Resins for the paint industry and for the protection of metal surfaces. 


DUXFORD, CAMBRIDGE, Telephone: Sawston 187 


Aero Research Limited 1c:.c....° 
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About the : 
analogue computor 


The electronic analogue computor makes patterns like this 


Cee 


which solve differential equations like these 


dx 
dt YX tak — prkp=O 
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l’ RUNS THROUGH in a matter of hours a 
range of solutions that would take a team of 
mathematicians weeks to work out. 

You knew that? But did you know that Shorts 
ate now making a general purpose analogue 
computor which can be harnessed, singly or 

in banks, to solve a wide variety of engineering 
problems? This, the first British analogue 
computor in production, will deal with 

linear or non-linear systems. 

Apart from the solution of differential 
equations, the instrument may be applied to 
the design of servo systems and to analysis 

and synthesis in connection with the behaviour 
and design of dynamic electrical, mechanical 
and thermal dynamic systems. 

The Short Analogue Computor is described 

in a brochure which you will certainly find 
interesting and probably find profitable: 

A word to the address below and a copy 

will be sent to you. 


In one day at the console, an 
operator can set up problems 

and get answers that would take weeks 
of expensive study by normal means. 


Here’s the Short answer 


Short Brothers & Harland Ltd., Computor Sales Department, 208a Regent Street, London, W.r. REGent 8716 


oo) ee 2 oe a3 creas renin hot meena Be hth 
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Valves for Industry 
RF. Heating 


The increasing use of R.F. Heating in industry 


2 


has shown the need for units to provide 


outputs between 10 and 50 kW 


To meet this demand, the English Electric Valve 
Company have developed two new valves for R.F. generators 

of 10 kW and upwards. These new products are not modifications 

of valves used for communications, but are designed expressly for 
operation under the less favourable conditions imposed by factory 
use. They are rugged and will withstand severe overloads; they Wh 
are low in first cost and have a long service life. Both types are 
available in air-cooled or water-cooled versions and a suitable range 


of rectifying valves for use in conjunction with them is also available. 


y 
aK 


Valves for 
Industry 


is the title of a new 
publication giving full details 
of these valves, which is 


available on request. 


"ENGLISH. ELECTRIC 


eo 


Waterhouse Lane, Chelmsford 


ENGLISH ELECTRIC VALVE C0. Telephone: Chelmsford 3491 


AP 300-12 
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inductance 
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coils 


wound on Ferroxcube cores 


ESIGNERS of compact and efficient tuned 


circuits and wave filters are making 


ever-increasing use of Mullard high Q 


inductance coils. 


the world’s most 


Based on Ferroxcube, 


advanced magnetic core material, these 


coils combine small size with an inductance 


of up to 30 henries over a wide frequency 


Furthermore, their convenient 


range. 


shape and self screening properties facilitate 


either individual mounting or stacking. 


Full details of these and other high grade 
components now available from Mullard 


will be gladly supplied on request. 


TYPICAL Q VALUES 
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Controllable air gap facilitating 


inductance adjus 
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Low self capac 


tment 


& 
Controlled temperature coefficient 


enin: 


Self scre 


tion over a wide frequency range 


Easily mounted 


Opera 


1000 


FREQ.Kc/s. 


MULLARD LIMITED - COMPONENT DIVISION - CENTURY HOUSE - SHAFTESBURY AVENUE 


‘Ticonal’ permanent magnets, 
‘Magnadur’ ceramic magnets, 


Ferroxcube magnetic cores. 


Mullard 


(mm4so) 


+» LONDON - W.C.2 
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PYE ERICSSON 


SEVEN CHANNEL 


VHF FM RADIO TELEPHONE SYSTEM 


This 7-channel Radio Link System has been designed 
for economy both in initial cost and maintenance 
demands. 

This has been achieved without sacrifice of essential 
facilities or relaxation of performance standards. 
Both Radio and Carrier equipment for the 7-channel 
terminal is housed in a single 6-foot cabinet as 
illustrated. 

The equipment is fully tropicalized and suitable for 
continuous unattended operation in all parts of the 
world. 


ABBREVIATED SPECIFICATION 
Radio Frequency Range 60—216 mc/s 


Transmitter output Power 10 watts, or with Am- 
plifier unit—s5o watts 


Baseband (7 Channels) 0.3—23.4 Kc/s 
Maximum Deviation 50 Kce/s 
Receiver Bandwidth 6 db down at +120 Kc/s 


> J 
PIE 
Telecommunications 


CAMBRIDGE ENGLAND 


\ 


Pye (Ireland) Ltd. 


Pye (New Zealand) Ltd. Pye Canada Ltd_ Pye-Electronic Pry., Led. 


Auckland C.!., New Zealand Ajax, Canada Melbourne, Australia Dublin, Eire 
Pye Radio & Television (Pty ) Ltd. Pye Limited Pye Limited Pye Limited 
Johannesburg : sHisice City Tucuman 829 5th Avenue Building 
South Africa Buenos Aires 200, 5th Avenue, New York 


: PYE LIMITED ee CAMBRIDGE ee ENGLAND 
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MARCONI GRYSTALS for Stability and Precision 


The experience gained in manufacturing quartz crystals to the stringent 
requirements of our own apparatus and those of the Services, enables us to offer 
a comprehensive range of crystals covering the frequency band 1.6 Kc/s to 55 me/s, 
Years of intensive research and development work in this field guarantee 
the reliability and quality of this Marconi Product. 


Planetary Lapping Finishing to Frequency Testing—Grid Current Recording 


Lifeline of communication 


Partners in progress with the ‘ENGLISH ELECTRIC’ Company Limited 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX eee 
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For special purpose con 


eee CONtKact 


Plessey have long specialised in the design and 
mass production of miniature electrical 
connectors of high reliability. 


In particular, Extra High Tension connectors having 
high insulation properties and suitable for high 
voltages, are available. There are two types, 
Demountable (7kV. peak) as illustrated and Moulded 
(10 kV. peak) as shown in outline. Both are 
interchangeable and units of each are obtainable for 
free cable, bulkhead or panel installations. 


EHT 2 


CONCENTRIC 


TYPES 


S H F 
TYPES 


Plessey also manufacture a range of highly efficient 
interchangeable connectors for the effective and 
reliable termination of Uniradio Cable operating 
equipment in the Super High Frequency bands (above 
a hundred megacycles and up to 10,000 megacycles). 


Tanel plug or socket Cable plug or socket Bulkhead connectors 


Basically designed for 70-80 ohm lines these units are 
standardised so that no confusion can arise when 
making connections between various S.H.F. devices. 


Ge ED TU 


Cabie plug minor Cable socket minor Cable plug major Panel socket major Panel plug major 


These Publications are available to manufacturers on request .. . 


Publication No. 560/I on Plessey E.H.T. concentric connections. 
Publication No. 672/! on Plessey S.H.F. connections 


THE PLESSEY COMPANY LIMITED - ILFORD . ESSEX 


©) PB 
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Britain’s microwave leaders announce 


The New 
60/120-CIRCUIT U.HLF. 
TELEPHONY SYSTEM 


SPO 5500 


HIS frequency-modulated system, conveying The system handles two super groups of 60 circuits 


either 60 or 120 circuits, operates in the 1700- see sie a es signal toe eee in he 
Re worst channel only elow that recommende 

2300 Me/s band. et sysiers Se mimmum for C.C.LE. international co-axial cable networks. 
of modulation distortion since non-demodulating The most modern construction practice permits 
repeater stations are used. all panels to slide into place on guides, being con- 

nected into service by plug-in sockets. No wiring is 

: Pea % disconnected for the removal of a panel. 

%& Conveying one SUper-SrOUp of 60 circuits, the Each rack has a meter panel, giving readings of 
SPO 5500 system achieves, in all respects, the per- aj valve anode and grid currents, crystal currents, 
formance laid down by C.C.LF. for international R.F. amplifier output power and all non-mains 


co-axial cable networks. voltages. 
No voltage higher than 300 V is encountered in 


% In addition, the channel spacing, intermediate the equipment. 
frequency and transfer levels comply with the stan- The use of co-axial cable for feeders eliminates 


dards laid down in the C.C.I.R. Documents 66 and 69. the expense of wave-guides. 
A rack complete with transmitter and receiver 


%& Spur routes and local baseband traffic are is single-sided, so that two racks may be mounted 
catered for in the design of the system, since at side by side or back-to-back. They are economical 
repeater stations any signal from the baseband is of floor space, occupying only 204 in. x 84 in. 
injected or extracted without demodulation of the @ For further details write for Standard Specification 
‘through traffic.” SPO 5500. 


THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLAND - TELEPHONE, RADIO AND TELEVISION WORKS, COVENT! 
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TERMINAL 
STRIPS 


RECTIFIER UNIT 

STABILISER UNIT 

TRANS. OUTPUT 
FILTER 


lead the march of progress in the 


microwave radio field. In addition to 


telephony, G.E.C, television links are 


UHF AMPLIFIER 


SIDEBAND 
FILTER 
T.LF.A. & MIXER 
FREQ. CHANGER 


playing vital roles in many national and 


international networks, and are in 


MODULATOR & 
A.F.C. 


continuous manufacture both at home 


METER PANEL 


REC. INPUT 
FILTER 


OUTPUT 
MONITOR 


and abroad. Up-to-date equipment 


MIXER & LF, design promotes economy of space, 


AMPLIFIER 


DEMODULATOR accessibility of components, and ease of 


LOCAL OSC, 
FILTER 


maintenance in all G.E.C.’s telephone 


LOCAL 
OSCILLATOR & 
A.F.C, UNIT 


and television transmission equipment. 


MOTOR SUPPLIES 


-210V POWER 
SUPPLY 


POWER UNIT 
POWER UNIT 


y One-ninth of SK 
7 C.C.LF. ‘CIRCUIT FICTIF’ with five S 
/’ NON-DEMODULATING REPEATERS Se 
/ S 
= jE en) x] xX cs] 
4 Signals injected or 


/} extracted at 
/} Intermediate Frequency 
y 

4 


se SPUR ROUTE OR LOCAL 
BASEBAND TRAFFIC 


le The cost of the radio equipment is about half 
that of copper wire alone to provide 60 circuits by 
12-circuit carrier systems on open-wire routes. 
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Alcomax IV 


incomparable for 
Rotating Magnets 


Highly efficient rotating 
magnet system comprising 
Eclipse magnet between 
interleaving mild steel 


2 Informative technical litera- 
pole pieces. 


ture will be supplied on 
request. 


PERMANENT 
MAGNETS * 


AMES NEICL & CO. SS H Ee Pre Diba cee Permanent Magnet Chucks 
SoHPE, RP Est) D: 11 


Made by the makers of 


ENGLAND 


M2 


In Science and Industry alike—among technicians, 
manufacturers and those engaged in the sale of electrical 
products—as well as among the public at large, the Philips emblem 
is accepted throughout the World as a symbol 
of quality and dependability. 


RADIO & TELEVISION RECEIVERS * TUNGSTEN, FLUORESCENT, BLENDED & DISCHARGE LAMPS & LIGHTING EQUIPMENT * ‘ PHILISHAVE ’” 
ELECTRIC DRY SHAVERS * ‘ PHOTOFLUX ’ FLASHBULBS : HIGH-FREQUENCY HEATING GENERATORS * X-RAY EQUIPMENT FOR ALL PURPOSES 
ELECTRO-MEDICAL APPARATUS * ARC & RESISTANCE WELDING PLANT AND ELECTRODES * ELECTRONIC MEASURING INSTRUMENTS * MAGNETIC 
FILTERS : BATTERY CHARGERS & RECTIFIERS * SOUND AMPLIFYING INSTALLATIONS * CINEMA PROJECTORS * RECORDING APPARATUS 


PHILIPS ELECTRICAL ETD. 


CENTURY HOUSE, SHAFTESBURY AVENUE, LONDON, W.C.2 


P.I43A 


ets ee ee  —————— 
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unication... 


World wide radio-communication 
began with Marconi’s Transatlantic 
messages in 1901. Since then Marconi 
research and development have 
been behind every major advance in 
technique. Marconi equipment today, 
operating at all frequencies, covers 

a very wide field of both long and short 
range radio/telegraph and radio/tele- 
phone requirements. Marconi VHF 
multi-channel equipment can provide 
for as many as 48 telephone channels and 
is largely superseding land line or cable 

— routes on grounds of efficiency, economy, 
ease of installation and maintenance. 
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MARCONI 


COMPLETE COMMUNICATION SYSTEMS 
_ Surveyed, Planned, Installed, Maintained 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED - CHELMSFORD - ESSE» 
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arconi GkW HF ISB Transmitters 


These transmitters, designed in accordance with 
the most advanced practice, provide :— 


(a) Telegraphy on CW and FSK (AI and Fl) 
(b) Independent Sideband Operation (A3b) 


The drive equipment is external and provides 
either ISB modulation or telegraph keying at 3.1 
Mc/s and suitable RF oscillator signals for fre- 
quency changing in the transmitter. HS 71 is 
manually operated; HS 72 provides full automatic 
tuning and selection of any one of six pre-set 
frequencies. 


TYPES 
HS 71 AND HS 72 


The assembly is enclosed by unit 
sections, as shown here, with ac- 
cess through front and rear doors. 
The two left hand bays house the 
rectifier and power equipment and 
the right hand bays the low power 
and auxiliary transmitting circuits 
and the main output stage. 


FEATURES INCLUDE 
e 


Tuning over the whole range without change 
of components 


Air cooling throughout, with dust filtering. 


Double screening of power stages reduces in- 
direct radiation and cooling air noise. 


Envelope feed back to reduce distortion. 


Compact assembly with good access for 
servicing and safety interlocking. 


More than 80 countries now have Marconi equipped telegraph and commumcation 
services, many of which, completed 20 years ago, still give trouble-free operation. 


oh 
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Lifeline of communication 


MARCONI 


COMPLETE COMMUNICATION SYSTEMS 


Surveyed, planned, installed, maintained 


Partners in progress with The ‘ENGLISH ELECTRIC’ Company Limited 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 
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Marconi Three Channel 
elegraph /Telephone H.F. Receiver 
Z for remote control 


TYPE HR 51 


The Type HR 51 equipment is suitable for reception 
of telegraph or telephone signals on any one of three 
pre-set HF channels. It may be remotely controlled 
for channel selection and fine tuning from a distance 
of up to Io miles. Control can be over the same 
wires as carry the AF signal output or a separate pair, 
provided the control circuit does not exceed 1000 
ohms loop resistance. The receiver can be used to 
operate a recording unit such as the Marconi HU 11. 
Two may be connected for diversity reception, 
feeding a recording unit such as the Marconi HU 12. 


Power supply components are housed in a 
compact bench mounting cabinet with the 
receiver. Access to all receiver controls and 
the valves is by a hinged door, which pro- 
tects the controls from accidental interfer- 
ence. Lamps indicating the selected channel 
are visible through an aperture when the 
door is shut. Further access is by removable 
panels. The HR 51 is also available for rack 
mounting with associated equipment. The 
remote control unit, not shown here, is 
suitable for bench or rack mounting and 
requires connection toa mains supply point. 


Over 80 countries now have Marconi equipped communications systems. Many of 
these are still giving trouble free service after more than twenty years in operation. 


Lifeline of communication 


MARCONI — 


COMPLETE COMMUNICATION SYSTEMS 


Surveyed, planned, installed, maintained 


Partners in progress with The ‘ENGLISH ELECTRIC’ Company Limited 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 
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Marconi Double Diversity , 
Telegraph Recording Unit 


TYPE HU.12 


Shown here is the HU.12, in 
the bench mounting cabinet 
where it fits on top of the power 
unit. It can also be built into 
a standard rack which houses 
the associated receivers. 


The HU.12 unit is designed for use with 


two suitable receivers of frequency shift or FEATURES :- 
on-off telegraph transmissions in double diver- ls : eed 
F ie P bi or AF poe @ Electronic path diversity selector for FSK 
pal € combine outputs of the will function when difference between paths 
receivers are converted into double current exceeds 4 db. 
signals to operate an undulator, relay or @ Alternative DC output suitable for a low — 
other ‘space-mark’ type of equipment re- resistance undulator (20+ 20 ohms) is provided. 
quiring a current up to 30 mA. No receiver @ Neon indicators for visual tuning of FSK — 
modification is necessary except, perhaps, reception. HF, 
adjustment of the BFO frequency. @ Front of panel control for pre-set ‘mark’ and __ 
; ey. ; ‘space’ current adjustment, filter selection © 
Satisfactory recording is possible should the and signal bias. ; nA 


first oscillator drift up to + 800 c/s. 


t 


Over 80 countries now have Marconi equipped telegraph and communication systems. Many” 
of these are still giving trouble-free service after more than 20 years in operation. ' 


Lifeline of communication e & 


MARCONI _— 


COMPLETE COMMUNICATION SYSTEMS 
Surveyed, planned, installed, maintained 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 
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Tiny valves and transistors Sierras eS components to accompany tian: Whether you are working on 
television for Bands III and IV, Band II Radio, computors, industrial electronics or test gear, these 
components will undoubtedly interest you. Deserving of special mention are the tiny BTS type 
4+-W. resistor measuring only 3” x {" and the type 400 metallised paper capacitor iff its 
melt-proof cover. For those oe you concerned with tropicalizatio , BTS, BIB. 
and BWF2 resistors, YN-potentiometers and metal ‘ minicap’ capacitors 
will be of special interest. To those of you engaged on 
Government contracts we should like to mention 

that the metal ‘minicap’ capacitor and the type 
: BTS and BTB resistors are type-approved. 
Send for samples and catalogues by 
= us a line on your com- 
pany’s letter-heading. 


DUB TIA 


DUBILIER CONDENSER CO. (1925) LTD. DUCON WORKS, VICTORIA ROAD, NORTH ACTON, LONDON, W3 
Telephone: ACOrn 224l. Telegrams: WHivoltcon, Wesphone, London. Marconi Int. Code 
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CARPENTER pOLARIZED RELAYS 


have these outstanding features 
HIGH OPERATIONAL SPEED «¢ HIGH SENSITIVITY 
FREEDOM FROM CONTACT REBOUND 
NO POSITIONAL ERROR - HIGH CONTACT PRESSURES 
EXCEPTIONAL THERMAL STABILITY - EASE OF 
ADJUSTMENT « ACCURACY OF SIGNAL REPETITION 


The Carpenter Polarized Relay will respond to weak, ill-defined or short- 
duration impulses of differing polarity, or it will follow weak alternating 
current inputs of high frequencies and so provide a continuously operating 
symmetrical changeover switch between two different sources. 

Five basic types are available with a wide range of single and multiple 
windings. Particulars of the type best suited to your purpose will be gladly 
supplied if you will send us your circuit details. 


Manufactured by the sole licensees 


‘TELEPHONE MANUFACTURING CO. LTD 


Contractors to Governments of the British Commonwealth and other Nations 


HOLLINGSWORTH WORKS, DULWICH, LONDON, SE2I1 
Telephone GIPsy Hill 2211 


This is the name 
usually associated with 
the discerning customer 
who always appreciates 


, the quality and service by 


Sich we have gained 
( SAVAGE eit EVI ZES our reputation. 


» 
‘M\ uz” 
SAVAGE TRANSFORMERS LTD., NURSTEED RD., 
DEVIZES, WILTS. TEL. DEVIZES 932 
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fssation of 
roxumately 


Bb secre lend 


a3 


E+ +3 
poo<< 


&6.C. 


vg 100 max. 
V$ for cut-off ~ Vq:. 3/40 approx 
20 max. 


¢ Ea205yC7 : 1 kV mun 


ELECTRONIC DEV 


OF INTEREST to all engineers, this new publication 


CES 


forms an invaluable reference to current G.E.C. electronic 


products suitable for such industrial applications as 

control instruments, scientific measurement, counting, radio-active 
indication, photoelectric alarms and indicating devices and 
electronic relays and voltage stabilisation. The technical 
information which includes ratings, dimensions, base connection 
diagrams and screen characteristics, enables the potential 

user to choose the device most suitable 


The contents include: 
for a particular application. 


Barretters 


Cathode ray tubes 
(instrument and special types) 


Electrometer valves 
Geiger Muller tubes 
Photoelectric cells 
Photoelectric industrial aids 
Semi-conductors 

Voltage stabilisers 


Write to 
OSRAM VALVE AND ELECTRONICS DEPT. FOR 


THE GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON, W.C.2 


TOROIDAL 


POTENTIOMETERS 


Ceramic insulation only —and approved for tropi- 
cal conditions. Complete ceramic rings for 
strength. Also a large range of precision toroidal- 
wound Potentiometers and Helical Potentio- 
meters, 3 and 10 turn. : : 


TYPE C (Precision 5-7 
watts. Tropical 
model available. 


500-100,000 ohms. 
Winding 270°-355° 

Linear accuracy 0°25 % 

on higher resistance values. 


Have you a copy of 
this catalogue? 

If not, write for list 
No. 215. 


P. X. FOX LIMITED 


Hawksworth Road, Horsforth, 
Yorkshire. 


Tel.: Horsforth 2831/2 
Grams.: Toroidal, Leeds. 
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SIDCOLE 


(Regd. Trade Mark) 
SOLDERING INSTRUMENTS 
& ALL 
ALLIED EQUIPMENT 
ASSURES 
BIT SIZES SOUND 
Sata, JOINTS 
VOLT RANGES ci 
FROM SOUND 
6/7 to 230/50 VOLTS EQUIPMENT 
PRODUCTS LTD. 
Head Office & Sales 
TELEPHONES 


GAUDEN ROAD 
CLAPHAM HIGH St. 


LONDON, S.W.4 


MACaulay 4272 


Insulated Resistance Wires 
with standard coverings of 


cotton, silk, glass, asbestos, 
standard enamel and synthetic 
enamel are supplied over a 
large range of sizes. 


Send for leaflet LBI1 


THE LONDON ELECTRIC WIRE COMPANY 
AND SMITHS, LIMITED 
CHURCH RD., LEYTON, LONDON, E.10 


Incorporating Frederick Smith & Company 
Associated with The Liverpool Electric Cable Co, Ltd. and Vactite Wire Co, Ltd. 
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STABILISED POWER SUPPLY UNIT 
ror PHOTO-MULTIPLIERS 


Ediswan now have available a new stabilised power supply unit 
which has been specially designed to feed Photo-Multipliers. 
It is particularly suitable as a supply unit for Ediswan Mazda 
Photo-Multipliers type 27.M1, 27.M2 and 27.M3. 


BRIE F SPECIFICATION : TYPE-RI184 


OUT PeUer STABILITY _ |OUTPUT RESISTANCE Re BSPe Ere 


High stability low ripple A 10% change in mains 
D.C. supply variable be- input voltage results in a 
200 — 250 v., 40-100 c.p.s. tween 300 and 1,100 volts. change of less than 0.1% Approximately 1,500 ohms. Less than 0.01% R.M.S. 
Max. current 2 mA. Pos. between 1,100 volts and 
or neg. may be earthed. 600 volts output. 


MOUNTIN G The Unit is suitable for standard rack mounting or for bench use. Bench Stands are available. 


v2 
riVy PRICE — £48 


Further information is available on request 


EDISWAN 


RADIO DIVISION - THE EDISON SWAN ELECTRIC COMPANY LIMITED 
155 Charing Cross Road, London, W.C.2. Telephone: Gerrard 8660. Telegrams: Ediswan, Westcent, London 
Member of the A.E.I. Group of Companies 


SPLIS 
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relies upon 


CONSTANT 
VOLTAGE.... 


In problems of analysis to-day, the 
chemist is aided to an increasing degree 
by electronics. However, spectroscopic 
techniques and apparatus depend for 
their accuracy on a reliable constant 
voltage supply, and here Advance 
Constant Voltage Transformers pro- 
vide the answer. Purely automatic, 
and with no thermionic valves or 
moving parts, they can be relied 
upon to provide the stabilized 
A.C. voltage so necessary in the 
laboratory. 


Full details given in folder R28 
gladly sent on request. 


(IMustration of spectrophotometer by 
courtesy of Unicam Instruments.) 


Advance 


CONSTANT VOLTAGE 
TRANSFORMERS 


‘TJ ADVANCE COMPONENTS LTD. 


MARLOWE ROAD, WALTHAMSTOW, LONDON, E.17 
Telephone: LARkswood 4366/7/8 


EP 
AN 


H 
CH 


EW LTD. 


ESTER II 
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The Erie fuse resistor has been evolved t 
meet the needs of the electronics industry for 


hs iqeusuice and ee faslites: in high 
‘tension su A modern radio and 


phevinion 


utes at continuous rating ‘ 
Less than | seconds 


/ can be set 1o blow within a 
editable th e, by the ‘simple expedient of 
choosing. the right resistance value in relation 
to continuous and overload wattage: conditions. 


é 


*Reg tered Trade Marks 


Tele Rone: “COL indale 8011. Focnnees 
Erle, Pa., ged Holly a ee 


74. 
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A Special Issue of the 


Proceedings 


devoted to a Symposium on 


INSULATING MATERIALS 


The march of progress in the widespread application of ever-increasing 


voltages and frequencies has demanded equal advances in the technique of 
insulation, so that the growing power of electrical forces shall be constrained in 


safety. 


Consequently, it is not surprising that the last decade has brought forth a 


wealth of new materials, new methods, new concepts and new applications 


of old ideas. 


The Institution has now published a special issue of the Proceedings 
devoted to insulating materials; it contains new information of fundamental 
importance contributed by representatives of manufacturers, research labora- 


tories and users. 


Applications for this issue, which is designated Proceedings of The Institution, : 
Part IIA No. 3, should be made to: 


THE SECRETARY 
THE INSTITUTION OF ELECTRICAL ENGINEERS 


SAVOY PLACE LONDON W.C.2 


Price to members Price to non-members 


£1 5 0 £210 0 


( xxiii ) J.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


VEN. 
Mee. 
Qe. 
ean 


SS BAA 


In June 1920 the first advertised sound 
radio programme was broadcast from the Marconi 
transmitter at Chelmsford. To-day Marconi 

high or medium power transmitters and high power 
aerials are installed in every one of the B.B.C’s 
television transmitter stations and Marconi 
television systems are being supplied to countries 

in North and South America, Europe and Asia. 


MARCONI 


Complete Television and Sound Broadcasting Systems 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED - CHELMSFORD -: ESSEX 
LG3 
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RELAYS 
SERIES 2400 | 


A Relay of noteworthy dimensions, 
designed in size and performance to suit 
present-day electronic equipment. The 
new 2400 Relay is available with twin 
light duty or single heavy duty contacts. 
When fitted with a 10,000 ohm coil, the 
pull-in is approximately 4 milliamperes; 
contact pressure and clearance have not 
been sacrificed to achieve this sensitivity. 


DIMENSIONS: Above chassis 24” high 
x 1” wide x 18” deep. 


WEIGHT: 43 ounces. 
Telephone: Newmarket 318] -2-3 


Telegrams: Magnetic, Newmarket 


MAGNETIC DEVICES LTD 


-EXNING ROAD, NEWMARKET MO 34/2 


ARE YOUR ENGINEERS OVERWORKED? 


We have well-equipped laboratories, backed by production facilities, for the design, 
engineering and production of specialized electronic equipment. 


A very wide range of microwave test equipment is available, including first grade test 
benches. Fully automatic test and calibration equipment, frequency and power sub- 
standards, technical investigation of Service equipment, are among the projects 
handled. 


Why not discuss your problems with us? 


G. & E. BRADLEY LIMITED 
ELECTRONIC RESEARCH ENGINEERS 


BERESFORD HOUSE, MOUNT PLEASANT, ALPERTON, WEMBLEY, MIDDX. TELEPHONE: WEMBLEY 369!1-4 
A.|.D. Approved. Contractors to H.M. Government. 
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good magnetic 
characteristics 


CAREFUL 
CASTING 
CONTROL 


Standard maintains its established leadership 
in the manufacture of high permeability mag- 


netic alloys by constant vigilance in the 


control of each and every production process, @ PERMALLOY ‘C° for highest initial permeability, 
useful for wide-band frequency transformers, current 

one of which is illustrated here. Produced by a transformers, chokes, relays and magnetic shielding. 
z @ PERMALLOY ‘B’ has lower initial permeability than 
Company which has the unique advantage of being Permalloy ‘C’ but higher values of flux density. Suitable 
where high permeability to alternating field is required 


superimposed upon a steady polarising field. 


a large-scale user of its own magnetic materials, a long 
: @ PERMALLOY ‘D’ for very high resistivity without 


undue lowering of the maximum flux density. Variation 


experience of the applications of these materials gives of permeability with frequency is small. Ideal for H.F. 
pin ie Z i M applications. 

full appreciation of the properties essential for uniform Bree eie Mihich: tax: deka eee 

° Ac yem angular hysteresis loop, with a retentivity of at least 95% 

electrical characteristics and stable performance. of its saturation value and low coercive force. Ideal for 


saturable reactors, magnetic amplifiers, digital computors, 
memory devices, etc. 


It will pay you to investigate the capabilities of 
@ V-PERMENDUR for high permeability with a very 


Standard magnetic alloys with relation to your specific high value of maximum flux density. _ Finds special 
application for use as high quality receiver diaphragms, 


also motor generators and servo-mechanisms in aircraft 
where weight and volume are important factors. 


requirements. 


Standard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, W.C.2 
TELEPHONE LINE DIVISION: North Woolwich, London, E.16 
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TELEVISION 


T a recent Convention arranged by the Radio Section of The Institution of Electrical 

Engineers more than eighty papers, covering every aspect of the science and practice 
of Television, were read and discussed. This unique material, which is profusely illustrated 
with line drawings and photographs and includes comprehensive bibliographies, presents 
a complete conspectus of the British contribution to the development of the Television 
art. It has now been published in four special issues of the Proceedings of The Institution, 
known as Part IIIA Nos. 17-20, consisting in all of some 800 pages. 


CONTENTS The contents of the four special issues of the Proceedings 
are as follows: 


PART IIIa No. 17 
Proceedings at the Convention 
Opening Address by the Lord President of the Council, Lord Woolton 
Lecture on Television Development by Sir Noel Ashbridge 
Summaries of all the papers presented at the Convention 
Papers and Discussions on: 
The History of Television 
Programme Origination 


PART IIIA No. 18 
Papers and Discussions on: 
Broadcasting Stations 
Propagation 
Point-to-Point Transmission 


PART IIIA No. 19 
Papers and Discussions on: 
Receiving Equipment: Cathode-Ray Tubes, Valves and Circuit Techniques 


PART Ila No. 20 
Papers and Discussions on: 
Industrial Television 
General System Aspects 


PRICES (Post Free) Prices of the four special issues are as follows: 


PART IIIA No. 17 ra ce rs a x eee 
PART IIIA Nos. 18-20 axe = ce ak each 15s. 
THE COMPLETE SET Re i af “ Sean Se 


There are special rates for members of The Institution, particulars of which can be obtained on 
application to the Secretary. 


HOW TO ORDER Orders accompanied by the appropriate remittances 
should be addressed to 


The Secretary 
THE INSTITUTION OF ELECTRICAL ENGINEERS 
Savoy Place London, W.C.2 
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IMPREGNATE 


your coils with ease 


BLICKVAC 


High Vacuum Impregnators meet the most stringent specifications and 
yet are easy to handle. Full range of models available to meet the needs 
of the large-scale producer, the research laboratory or the small Rewind 
shop. 

Outstanding Features: 


Ease in control 
Ease in cleaning 


Elimination of vibration 


Unequalled flexibility and 
performance 


Simple attachment of 
auxiliary autoclaves 


Units available suitable 
for Varnish, Wax, Bitu- 
men and Potting Resins. 
Users include M.OS., 
N:G.B8% =. -G3E.C. 

Marconi, Metro-Vick. 


If your problem is COIL IMPREGNATION or impregnating or casting | 


with Potting Resins consult: 


BLICKVAC ENGINEERING LTD 


Jarrow 89-7155 
Monarch 6256/8 


* 


Bede Trading Estate, Jarrow, Co. Durham 
96-100 Aldersgate Street, London, E.C.1. 


* 


Pye, | 


| 


| Specially designed for soldering 
operations 
assemblies used 
| day radio, television and 
electronic 


Length 9 in. 

25 Watts — 
200/220 volts or 
220/240 volts. 


W. 
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THE 


INSTRUMENT 
MODEL 


in the compact 


in present 


Interesting 


industries. features 


Weight 34 oz. 
(excluding flexible). 


1. Bit $” diameter, 
simple to replace. 


2. Steel cased element, 
also replaceable. 


3. Detachable hook for sus- 
pending iron when not in use. 


4. Moulded two part handle, re- 
mains cool in use. 


5. Six ft. Henley 3-core Flexible. 


at 
HENLEY 
SOLON. 


ELECTRIC 
SOLDERING IRONS 


T. HENLEY’S TELEGRAPH 
WORKS CO., LTD., 


| 51/53, Hatton Garden, London, E.C.1 


ZENITH 


(REGD. TRADE-MARK) 


PHASE SHIFTING 
TRANSFORMER 


This instrument provides con- 
venient means for adjusting 
the phase angle or power 


circuits when testing single or 


service meters, 


polyphase 


wattmeters, or power 
leis 


also the simplest means for teach- 


factor indicators, etc. 


nating Current Theory as affecting 
phase angle and power factor. 


Illustrated brochure free on request 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 
Telephone: WiLlesden 6581-5 Telegrams: Voltaohm, Norphone, London 


MANUFACTURERS OF ELECTRICAL ENGINEERING PRODUCTS 
INCLUDING RADIO AND TELEVISION COMPONENTS 


ing and demonstrating Alter- | 


factor in alternating current | 


foot 


~ ..onR/F 
INDUCTION HEATING 


. . . anew publication of outstanding impor- 
tance to all interested in brazing or heat treating. 


- WRITE ON YOUR LETTER HEADING FOR YOUR FREE COPY OF 


PUBLICATION IH 501. ADDITIONAL COPIES 6/- EACH. 


radio heaters Itd.. wekingham, berks. 
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AEDDYSTONE 


-_V.H.F. COMMUNICATIONS RECEIVERS 


MODEL 770R-19 Mc/s.to 165 Mc/s. CONTINUOUS 
MODEL 770U-—150Mc/s.to 500 Mc/s. CONTINUOUS 


| FOR. MONITORING, FIELD TESTS, LABORATORY PURPOSES ETC. 


Highly efficient signal frequency circuits. 
Substantial diecast rotary coil turret. 


Excellent - frequency stability and 
selectivity. 


Accurate re-setting and ease of handling. 


High sensitivity and excellent signal-to- 
noise ratio. 


For AM and FM. 


Robust construction and outstanding 
reliability. 


“Ss”? Meter. Noise Limiter. 


@ Preferred type valves. 


@ A.C. operation. 110-250 volts. 40-60 cycles. 
@ Dimensions 163” x 15” x 82”. 
@ Weight 60 Ibs. 


@ Finest workmanship. 


PLEASE WRITE FOR FULL SPECIFICATION TO THE MANUFACTURERS: 


PUBLIGATIONS-OFR@LTHE 


INSTITUTE OF PHYSICS 
Ww 


British Journal of Applied Physics Vacuum Physics 
A monthly publication dealing with the application of physics, The proceedings of a conference arranged by the Midland Branch 
especially in industry. of the Institute. 
Physics of Lubrication The Measurement of Stress and Strain in Solids 
This first supplement to the British Journal of Applied Physics The proceedings of a: conference. arramacii iia ee 


contains the papers presented at a symposium arranged jointly and District Branch of the Institute. 


by the Institute and the British Society of Rheology, June 29— The Acceleration of Particles to High Energies 


July 1, 1950. Based upon a session arranged by the Electronics Group of the 
iSGenal of Senabe inten Institute at the Physics Convention of May 1949. 
A monthly publication dealing with the principles, construction Creep of Metals 
and use of scientific instruments. It is produced with the co- A monograph by L. ROTHERHAM, M.Sc.(Lond.), F.Inst.P., 
operation of the National Physical Laboratory. especially commissioned by the Institute. 
RECEND PUBLICATIONS 
Mass Spectrometry: G. P. BARNARD, F.Inst.P. Industrial Magnetic Testing: Prof. N. F. ASTBURY, F.Inst.P. 


Metallurgical Equilibrium Diagrams: W. HUME-ROTHERY, F.R:S., F.Inst.P., J. W. CHRISTIAN and W. B. PEARSON 


47, BELGRAVE SQUARE, LONDON, S.W.1. 


4 
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FERRANTI 


FERRANTI LTD HOLLINWOOD LANCS 


London Office: ‘KERN HOUSE, 36. KINGSWAY WwW C.2 
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HE OSCILLOSCOPE TYPE 723 is 

a general purpose instrument with a 
flat frequency response from D.C. to 
5 Mc/s. It utilises a vertical cathode ray 
tube with a 4-inch flat screen, which is 
viewed through a surface aluminised- 
mirror. 

This form of construction has con- 
siderable advantages. The instrument 
which is only 8 in. deep, may be forward 
rack mounted on a 19 in. rack, but when 
employed for bench use it takes up less 
room than a conventional oscilloscope. 
The screen is observable at a reasonable 
height from the bench without tilting, 
and an effective light shield is obtained 
without a projecting hood. The large 
front panel makes possible a clear and 
convenient layout of controls, and an 
Oscilloscope Camera Type 758 may be 
mounted permanently on the top of the 
instrument without interfering in any 
way with normal viewing. 


(JOCILLUSGUPE 


Type 723 


@ Y Amplifier response flat from 
D.C. to 5 Mc/s 


@ Sensitivity of 100 mV per cm. at 
I kV E.H.T. 


@ No overloading occurs with full 
screen deflection over the com- 
plete frequency range at 2 kV 


E.H.T. 

® Variable E.H.T. voltage of I, 2 and 
4kV 

@ Automatic Brilliance Control 
Circuit 


@ Time-base range from 0.5 seconds 
to | microsecond for full screen 
deflection 


@ Versatile Auxiliary Amplifier in- 
corporated 


@ A deflection of | cm. ensures rigid 
synchronisation over the whole 
frequency range 


@ Instantaneous shifts 


Full details of this instrument, which is available for immediate delivery, 
will be forwarded gladly upon request. 


HIGH WYCOMBE 
Telephone: High Wycombe 2060 


AIR MERC 


Lar ig) ole B 


NEWT ON-DERBY 


ELECTRICAL fQUIPMENT pee 
High Frequency Alternators 
(Send for Publicaticn No. 1003/2) 


Also makers of Rotary Transformers and Anode Converters, 

Wind and Engine-Driven Aircraft Generators, High Tension 

D.C. Generators, and Automatic Carbon Pile Voltage 
Regulators. 


24kVA Motor Alternator. 
Drip proof to 45°. Motor 

220 volts D.C. Output 120 volts. 3 phase. 333 cycles per Gacoual 
Motor includes an automatic constant speed governor. Weight 
450 lb. 


NEWTON BROTHERS 


(DERBY) LTD 


HEAD OFFICE & WORKS: ALFRETON ROAD, DERBY 
TELEPHONE: DERBY 47676 (3 lines) TELEGRAMS: DYNAMO, DERBY 
LONDON OFFICE: IMPERIAL BUILDINGS, 56 KINGSWAY W.C.2 


BUCKINGHAMSHIRE ENGLAND 


Cables: Airmec High Wycombe 


A MEMBER OF THE RTSC GROUP 


COOKLEY WORKS, BRIERLY HILL, STAFFS 
Head Office: RTSC HOUSE, PARK STREET, LONDON, W.1 
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oN ‘ oN 


FOR 


Quartz Cry she a 


Prompt Delivery, all types, 2,000—20,000 kc/s 


When ordering 10X replacements, why not use our hermetically sealed Type 2XL? 


CATHODEON CRYSTALS LIMITED 


LINTON CAMBRIDGESHIRE Telephone LINTON 223 
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cooling in confined spaces 


ONE OF THE SMALLEST AXIAL FLOW FANS EVER PRODUCED 


The cooling of valves and other electronic apparatus in 
strictly limited space is successfully accomplished with this 
28” 9 oz. single stage fan. Designed with flange or clip 


mounting made to fit into any apparatus. 


ce 


. . highly successful, keeping the temperature well 
below permissible limits. The rate of air flow gives a 
complete change 20 times a minute,’’ wrote Messrs. Kelvin 
& Hughes Ltd., who incorporate a Plannair blower in the 
marine radar set shown 


below. 


Courtesy of Messrs. 
Kelvin & Hughes Ltd. 


o= 


PLANNAIR 


REGISTERED TRADE MARK 


TET a EE eee 


high efficiency axial flow fan 


Plannair also supply wafters which create air disturbance and also extract 


the air from electronic equipment. 


PLANNAIR LTD., WINDFIELD HOUSE, LEATHERHEAD, SURREY 


Tel.: Leatherhead 4091/2231 (5 lines) 


THE 
PROFESSIONAL ENGINEERS 


APPOINTMENTS BUREAU 


Incorporated under Limited Guarantee, 1947 
Licensed annually by the London County Counci! 


9, Victoria Street, London, S.W.|1 


The Bureau invites applications for registration for em- 
ployment from members who, by reason of their engineering 
qualifications, belong to The Institution of Civil Engineers, 
The Institution of Mechanical Engineers, or The Institution 
of Electrical Engineers or persons whose engineering quali- 
fications for election or admission to one of those Bodies 
have been approved by the respective Councils. The 
necessary forms may be obtained on application to the 
Registrar of the Bureau; a stamped addressed foolscap 
envelope should be enclosed. 


Employers of Professional Engineers are invited to notify 
vacancies, and to assist the Bureau by furnishing the 
following particulars: 


1. Title of post with description of duties. 

2. Age range. This should be made as wide as possible, and it should 
be noted that there are many experienced applicants in the upper 
age groups. 

3. Salary, and any supplementary remuneration. t 

4. Professional, technical and special qualifications such as foreign 
languages. 

5. Location of work: Notifications of vacancies in the Dominions are 

. especially welcome. 

6. Could a successful candidate be assisted in finding suitable living 
accommodation locally ? 

7. Does the post involve the control of staff? If so, how many tech- 
nicians and/or other workers? 

8. Any other information which will assist in the selection of candidates. 


; (Ge ee ee 


GOBLIN WORKS, LEATHERHEAD, SURREY 


ELECTRICAL 
TESTING 
INSTRUMENTS A 
multi- 
A.C./D.C. 
Measur- 


ing Instrument of 
B.S. 1st grade accuracy, pro- 
viding fifty ranges of readings 
on a- 5-inch hand-calibrated 
scale fitted with an anti-parallax 
mirror. 
The meter will differentiate 
between A.C. and D.C. supply, 
the switching being electrically 
interlocked. The total resistance 
of the meter is 500,000 ohms. 
CURRENT: A.C. and D.C. 
0 to 10 amps. 

VOLTAGE: A.C. and D.C. 

0 to 1,000 volts 
RESISTANCE: Up to 40 meg- 
ohms. 


CAPACITY: .91 to 20uF. 
AUDIO-FREQUENCY 

POWER OUTPUT: 0-2 watts. 
DECIBELS: —25Db. to + 16 Db. 


The instrument is self-contained, 
compact and portable, simple to 
operate and almost impossible 
to damage electrically. It is pro- 
tected by an automatic cut-out 
against damage through severe 
overload. 
Power Factor and Power can be 
measured in A.C. circuits by 
means of an externa! accessory 
(the Universal AvoMeter Power 
Factor and Wattage Unit). 
Other accessories are available 
for extending the wide ranges of 
measurements quoted above. 


Write for fully descriptive pamphlet. 


Size: 8 ins. x 74 ins. x 4 ins, 
Weight: 63 Ibs. 


£19 : 10s. 


Sole Proprietors and Manufacturers 


THE AUTOMATIC COIL WINDER & ELECTRICAL EQUIPMENT CO. LTD. 
Avocet House, 92-96 Vauxhall Bridge Road, London S.W.1__ Tel. VICTORIA 3404/9 
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POWER RANGE 
0 to 100 Watts 


_ FREQUENCY RANGE 
D.C. to 250 Mc/s 


Both instruments have a linear 
power scale and accurately register 
mean power input regardless of 

waveform. The TF 1020 has an input 
impedance of 75 ohms; the TF 1020/1, 


an input impedance of 50 ohms. 


ARCONI INSTRUMENTS 


SIGNAL GENERATORS - BRIDGES - VALVE VOLTMETERS + Q METERS - WAVEMETERS 
FREQUENCY STANDARDS . WAVE ANALYSERS . BEAT FREQUENCY OSCILLATORS 


MARCONI INSTRUMENTS LTD ~ ST. ALBANS + HERTS * Telephone: ST. ALBANS 6160/9 
30 Albion Street, Kingston-upon-Hull. Phone: Hull Central 16144. 19 The Parade, Leamington Spa. Phone: 1408 


Managing Agents in Export: 
MARCONI’S WIRELESS TELEGRAPH CO. LTD ° MARCONI HOUSE + STRAND °* LONDON, W.C.2 


c TC 64 
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‘ 
\ 
NYS 


SKILLMAN 


Short Distance 
Carrier 


wih FULL 3,400 Cycle Band! 


% Six channels per pair of single cable or twelve channels per pair of double 
cable. Old type inter-changing cables in city networks can be counted on to give 
at least 30% pairs suitable for carrier working, i.e. cable capacity is doubled. 


% No repeaters required on most city networks. Hence extra circuits obtainable 


in a few hours. 


% The equipment often proves economic over distances as short as 2 miles by 
providing temporary extra traffic capacity, and thus delaying investment of 
funds until traffic has grown enough to occupy a reasonable proportion of new 
cable capacity (e.g. 12 extra carrier channels may easily be cheaper than the 
minimum economic new cable providing, say, 100 extra channels). 


% Signalling is by low-level tone, present continuously during speech, and having 
a frequency of 0 cycles (i.e. the carrier frequency). Thus the circuits are the same 
as for D.C. paths, and voice operation troubles non-existent. 


% All channels adjustable to low or zero transmission loss, and when required 


can give a gain. 


The small panel on the left is the same 
as that on the right and replaces the 
entire bay shown behind. 


T. S. SKILLMAN & CO. LTD., Grove Park, Colindale, London, N.W.9 
T. S. SKILLMAN & CO. PTY. LTD., Cammeray, Sydney, N.S.W. 
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We now announce the removal of the last Normal copper inter- 
office line with small 


relay group for re- 


1 : i peating impulses. 
and the usual long-distance equipment. hs ect at X am 


difference between our very simple and 
cheap short-distance carrier equipment 


We can now offer the equipment with a reconnected as 
full 3,400-cycle band, in every respect shown. 
being identical with the earlier equip- 


ment but with 5-Ke/s spacing. Even 


wider bands can be obtained if required. 


6 Ke/s spacing 


4,100 cycle circuits Fie new ines ae 
distinguishable from 

5 Ke/s spacing D.C. lines in all 
6 respects, except 

3,400 cycle circuits superior speech 

transmission _per- 


4. Ke/ 8 spacing formance. _ Relay 


groups identical 
2,800 cycle circuits with those on D.C. 


All the equipment within the 
dotted line is mounted on the 


panel shown below. 


SKILEMAN’S arc wortd pioneers of 


short haul or “junction” carrier systems. 
Over £500,000 worth of the old style equipment 
indicated opposite. is in service, much of it for 
over 4 years. 


The miniaturised form is now available, on 
a 21” panel with 60 channel ends plus power 
supply on one 19” rack. Installation involves 
connecting only new junction relay groups, 
power (A.C.) and carrier supply and deloading 
the junctions. 
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Designed 
for 
Continuous 
Service 


ATE/TMC Transmission equip- 
ment is designed to offer an opera- 
ting administration the maximum 
facility in the performance of 
maintenance routines. Jack-in panel 
frames fitted with quickly detach- 
able functional units ensure the 
most rapid form of servicing yet 
devised. You are invited to apply 
for a copy of ‘‘Unit Construction 
Practice” which describes the tech- 


nique employed. 


AUTOMATIC TELEPHONE & 
ELECTRIC CoO. LTD. 


Radio and Transmission Division, Strowger House, 
Arundel Street, London, W.C.2. Telephone: TEMple 
Bar 9262. Cablegrams: Strowgerex London. Manu- 
facturers:—AUTOMATIC TELEPHONE & ELECTRIC Co, 
Lrp., Liverpool and London. TELEPHONE MANU- 
FACTURING Co. Lrtp., St. Mary Cray, Kent. 


AT 8521-BX 105 
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In the sphere of electronics, whatever 
you have to produce, 

whatever its state of development— 
if you want it produced 

quickly, in quantity, with 
commensurate quality; if you want 


it produced 


economically—it’s a job for Plessey! 


At the Electronics Division of Plessey, a thousand 
pairs of trained hands can, if need be, nurse 

a young idea—develop it—and bring it to full or 
limited production maturity with a 

thoroughness that would spell costly delay in any 
organisation less well equipped. 

The Division is presently engaged on contracts for 
such renowned organisations as B.T.H., Decca, 
LA.L., Kelvin & Hughes, Marconi and Laurence 


Scott & Electromotors Ltd. If your special interests 


lie in electronics, serve them well by writing 
Part of a particularly compact radar 


for the Plessey publication which sets out installation made for Marconi Wire- 


the Division’s specialised services. fee ore company Picaitcd 


e-- you should see 


; ELECTRONICS DIVISION - TELEPHONE VALENTINE 8855 
Di E Pui EeSeS Ey xi COGMVR ASN -¥ Ere ity Ee D : Meer Our D . EOSSS Eis 
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Automatic Generating Plant 


Difficult to fit? 


There are generating problems 
which standard generating 
plant solves perfectly. There 
are others so unusual that no 
standard plant could conceiv- 
ably fit them. These are the 
problems Austinlite engineers 
enjoy most. They are prepared 
to go anywhere in the world 
to discuss their solution. 

It does not matter whether 
the plant will be required to 
run continuously for months 


without attention; to isolate 


delicate equipment from mains that are subject to voltage surges; or to take over instantly 


when a mains supply fails. Provided there is a solution, Austinlite plant can be built which 


will ensure a steady, unbroken, flow of power. Made-to-measure generating plant is Austinlite’s 


forte. But not the only kind they make. There are standard types of Austinlite Generating 


Plant which fit many jobs perfectly. Quite difficult jobs. For the idea that links all types of 


Austinlite plant, standard or made-to-measure, is the idea of utter reliability. 
' 


—7tustinlite AUTOMATIC GENERATING PLANT 


(The Makers of Sumo Pumps & Stone-Chance Lighthouses) LIGHTHOUSE WORKS, SMETHWICK 40, BIRMINGHAM 


Tailor-made by STONE-GHANGE LTD. 


, 
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20 Mc/s FREQUENCY MONITOR 


The Automatic Frequency Monitor (20 Mc/s) 
is but one of a series of high grade monitors 
now in course of manufacture for the accur- 
ate measurement of frequency. 


Employing hard valve techniques throughout, 
it will measure any frequency in the range 
10 c/s to 20 Mc/s to an accuracy within 
+ I part in 10°. 


The result, in decimal notation, is presented 
on eight panel mounted meters each scaled 
from 0 to 9 and the unknown frequency is 
automatically remeasured every few seconds. 


This new equipment presents a considerable 
advance in frequency measuring techniques 
and apart from normal laboratory applica- 
tions, is ideally suited for incorporation in 
production testing routines. 


Full technical information on this and other 
frequency measuring equipment is available 
on request. 


on SHE 


a TELEVISION LTD 


A COMPANY WITHIN THE JS. ARTHUR RANK ORGANISATION 


WORSLEY BRIDGE ROAD + LONDON ~S.E-26 
HITHER GREEN 4600 


SALES AND SERVICING AGENTS : 

Hawnt & Co. Ltd., 59 Moor St. Birmingham, 4 

Atkins, Robertson & Whiteford Ltd., 100 Torrisdale Street. Glasgow, S, 2 

F. C. Robinson & Partners Ltd., 122 Seymour Grove, Old Trafford, Manchester, 16 
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The greatly differing needs of broadcasting 
systems and stations call for many types 
of transmitters. Marconi’s make ten 
types as standard, and these can be 
modified to provide for variations in 
requirement. Equipment for paralleling 
transmitters offers advantages in con- 
tinuity of transmission while dealing with faults, 
and Marconi’s have evolved a system which 
introduces an isolating circuit of nearly infinite 
impedance between transmitters whilst allowing 
output signals to pass into a common load. 
This system may be arranged for efficient 


and economical operation at half power. 


(x1) 


Shown above is the MF Unattended 2 kW Type 
BD210C with the combining, aerial matching, and 
drive units housed in the left hand cabinet, the 
remainder being the transmitter units, which are 
combined in parallel. The 600 W Type BD210A 
and 14 kW Type BD210B utilise one or two 
transmitter units respectively. This series has been 
designed to serve the recent trend in technique 
which calls for unattended transmitters set up at a 
predetermined frequency and thereafter completely 
remote-controlled. 


The first advertised radio programme was broadcast from Marconi’s Chelmsford transmitter 
in 1920. Today 75% of the countries in the world rely on Marconi broadcasting equipment. 


Lifeline of communication 


MARCONI 


Complete Broadcasting and Television Systems 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 
Partners in Progress with The ‘ENGLISH ELECTRIC’ Company Ltd. 


The Institution is not, as a body, responsible for the opinions expressed by individual authors 
or speakers 
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SUMMARY 

A new method of high-voltage stabilization and its practical applica- 
tion are described. The method uses an electron velocity analyser 
to measure changes in voltage. The operation and limitations of the 
device are analysed in detail. 

The degenerative feedback circuit includes parallel d.c. and a.c. 
amplifiers. In operation, a stability of 2-3 parts in 10° is obtained 
on a 50-kV supply. 


LIST OF SYMBOLS 
S = Reciprocal of the fractional high-voltage stability. 
N = Reciprocal of the resistance potential-divider ratio. 
A, = D.C. amplifier gain. 
A,, = H.V. supply modulator gain. 
V, = Input voltage fluctuations, volts. 
Vp = Reference potential, volts. 
Xp = Diameter of the electron orbit, cm. 
V = Electron accelerating potential, volts. 
B = Flux density of magnetic deflecting field, G. 
V’ = Voltage corresponding to overlap distance, volts. 
i = Fractional change in beam current. 
g = Analyser sensitivity, amp/volt. 
I’ = Maximum value of collected overlap current, amp. 
a = Semi-angle of electron beam, rad. 
w = Angle of marginal ray to XY plane, rad. 
_ y = Angle of marginal ray to YZ plane, rad. 
J = Electron beam current, amp. 
Jo = Current density at centre of spot, amp/cm?. 
J, = Current density at the cathode, amp/cm?. 
ro = Half-width of Gaussian distribution, cm. 
fB = Gun brightness, amp/cm?/steradian. 
T = Absolute temperature of the cathode, °K. 
k = Boltzmann’s constant (1/11 600 eV/°K). 


(1) INTRODUCTION 
For an experimental attempt to achieve a resolving power of 
atomic dimensions with the electron microscope,” a 50-kV d.c. 


* A brief description of the principles of the stabilizer was given at the International 
Conference on Electron Microscopy held in Paris, September 1950. (Ref. 1.) 


The authors are in the Research Laboratory of Associated Electrical Industries, Ltd. 
y\. Vor...102, Part B. 


power supply, stable to a few parts in 10° over time intervals up 
to at least ten minutes, was required. The paper describes 
considerations leading to the selection of a promising method 
of satisfying this requirement, and the development and operation 
of the apparatus. * 


(2) CHOICE OF STABILIZING SYSTEM 


The degenerative feedback method, commonly used to stabilize 
a high direct voltage, is shown diagrammatically in Fig. 1. 


REFERENCE 
BATTERY PN 

VOLTAGE 

OIlviOER 


HV POWER 


SUPPLY 
‘ 
OC AMPLIFIER 
MOOUL ATOR” 


Fig. 1.—Block diagram of conventional voltage-stabilizing circuit. 


A generator for the high voltage, e.g. a transformer-rectifier 
arrangement, feeds the load. A measure of the high voltage is 
obtained from a tap on a resistance potential-divider. The 
voltage from the tap to earth is fed to the input of the d.c, 
amplifier via a reference battery which backs-off the tap voltage 
to a suitable level for the amplifier input. The output of the 
amplifier modulates the high voltage in the sense necessary to 
correct any residual fluctuations present. 

Stabilizers of this type have been described by previous 
authors?-4,> and, in general, stabilities to about 1 part in 10* are 
obtained. 

There are three main requirements for a degenerative stabilizer 
which is to give an output stability within 1 in S: 

(a) The total feedback gain given by the product of the 
potential-divider ratio (1/N), the amplifier gain (4,) and the 
modulator gain (A,,) must exceed the ratio of the fractional 
fluctuations occurring before stabilization is applied (6V,/V,), 
including those due to load changes to the maximum permissible 
output fluctuations ( (6V/V = 1/8), i.e.: 


Ay X An|N > SOVIV; 


[265] 10 
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(b) The stability of the measuring device [the potential- 
divider ratio and battery voltage (Vz)] must be within less than 
1 in S. Noise and drift of the feedback amplifier, referred to its 
input, can be regarded as fluctuations in the reference potential. 

(c) The feedback circuit must be free from self-oscillations. 

Consider an arrangement of this type designed to stabilize a 
50-kV power unit in the presence of initial fluctuations of 0-:5% 
such as may occur from the mains supply after passage through 
a constant-voltage transformer. A reasonable potential-divider 
ratio would be 200: 1, i. a reference voltage of 250 volts. 
For a stability within 2 parts in 10°, the following conditions 
would have to be met: 


Amplifier gain x modulator gain x potential-divider ratio = 
2 500. 

Amplifier gain x modulator gain = 500 000. 

Potential-divider ratio and reference-voltage stability = 2 
parts in 10°. 

Amplifier input stability = 0:25 mV. 


The last two requirements present very great practical diffi- 
culties. Battery stabilities within a few parts in 10° are possible.® 7 
Amplifier input stabilities within 0-25 mV are difficult to obtain 
over long periods, particularly with high input impedances 
which preclude the use of contact-modulator type amplifiers.’ 
The conditions could be somewhat improved by using a lower 
potential-divider ratio and a reference battery of high voltage, 
but a really useful saving cannot be made, except by using a 
battery voltage so high that it becomes impracticable. In any 
case, the requirements for a potential-divider ratio constant to 
2 parts in 10° are likely to be extremely difficult to meet. Whilst 
this is not considered impossible, it is doubtful whether such a 
figure could be economically obtained. 

For these reasons, other possible devices* to replace the 
potential divider were considered. The various possibilities 
reviewed will not all be discussed in detail; they include elec- 
trostatic weighing, generating-voltmeter and electron-optical 
methods. Finally, an electron-optical method was chosen, and 
it is the realization of this method which is discussed in the 
paper. The method is shown to have the advantage over a 
resistance potential-divider of increasing the signal level at the 
feedback-amplifier input from a fraction of a millivolt to a 
fraction of a volt at least. 

The third main requirement for the feedback stabilizer circuit 
has not so far been discussed, but will be referred to in Section 5.3. 
It is, in practice, comparatively simple to achieve freedom from 
self-oscillation of the feedback loop. 


(3) THE ELECTRON-VELOCITY ANALYSING METHOD 


The principle of the stabilizing method used is to accelerate a 
beam of electrons through the voltage to be stabilized, to measure 
the velocity by deflection in a fixed magnetic field, and so to obtain 
a signal to the feedback amplifier. Similar methods have been 
described before,®:!° but only for stabilities within a few parts 
in 10 000. 

There are many possible methods of analysing or measuring 
the velocity or velocity distribution of a stream of charged 
particles. The one chosen, the 180° magnetic velocity analyser, 
is not the best, since it suffers from electron-optical aberrations 
which are avoided in others, but it was considered the most 
convenient for the present work, and other systems ard not 
discussed in the paper. 

The electron beam is directed into a uniform magnetic field 
(Fig. 2), in a direction perpendicular to the field. It is well known 
that the beam is then defiected in the field in the arc of a circle. 
If the magnetic field is limited at a boundary AB perpendicular 
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Fig. 2.—Block diagram of velocity-analyser voltage-stabilizing circuit. 


to the direction of the incoming beam, the beam emerges from 
the field in a direction opposite to that of incidence. 

It will be seen later that, in order to detect a fractional change 
in voltage of 1/500 000, changes in the position of the beam at 
the output must be detected of the order of 1/1 000 000 of the 
radius of the electron path. In a conventional type of velocity 
analyser such measurements are made by defining the width 
of the beam at the analyser input with a slit system. This is 
necessary in a true spectrometer, which serves the purpose of 
measuring a distribution of energies or masses analysed by the 
action of the deflection field. In the present instance, only one 
mass and one energy are present at a given instant. However, a 
slit system could still be used and has been considered, but the 
rather simpler arrangement illustrated in Fig. 2 is preferred. 
The beam from the electron gun, after deflection in the analyser 
field, falls on an earthed defining-edge which cuts off most of the 
beam and allows only a small fraction to pass into a collector 
cylinder. The current from this cylinder is passed through the 
grid resistor in the input stage of the feedback amplifier. It 
will be seen that an increase in voltage on the electron gun 
increases the beam orbit diameter, and hence the collected 
current, thus producing a negative signal to the amplifier. 

For the sake of the following discussion, three rectangular 
co-ordinates, x, y and z, are defined, the y-direction parallel to 


‘the incoming electron beam, the x-direction parallel to AB, and 


the z-direction that of the magnetic field. ringing being 
neglected, the diameter of the electron orbit in the magnetic 
field (xp) is given by 
6:7\/V 
Xp = a Cie es, 5. . e 


where V is the voltage across the electron gun (and that to be 
stabilized) in volts, and B is the flux density in the uniform 
magnetic field in gauss. 
The change in the beam, orbit diameter for a small voltage 
change 6V is. 
dx = ix, dV ae 


(3.1) Effect of Variations in the Electron-Gun Current 


If the beam overlaps the collector defining-edge by a distance 
dx corresponding to a voltage change OV’, a fractional change, i, 
in the total beam current from the electron gun will result in a 
spurious voltage change of idV’. Clearly, this spurious change 
must be less than V/.S, where 1/S is the fractional stability required. 


Thus, iSV’ < VIS | 
SV’ < Vis , 


A 50-kV DIRECT-VOLTAGE SOURCE 


Tf the sensitivity, g, of the analyser is defined as the change in 
* collector current for a 1-volt change in the high voltage, maximum 
allowable values for the collected current (67) and overlap 

_ distance (6x p) are given by 


81’ = g8V' = gVIiS (3) 


(3a) 


These equations are discussed below in other connections, 
but at the moment it should be noted that, since S57’ must be 
small, only the edge of the electron beam must be allowed to 
spill over to the collector cylinder. This leads to a difficulty, 
because the electron beam from the electron gun is not well 
defined at the edges, but has an approximately Gaussian distri- 
bution of current density.12 Thus, if the edge only is effectively 
used, the low current-density leads to a low sensitivity, and 
hence to low signal output and an inefficient utilization of the 
electron beam. For this reason, a second defining-edge is placed 
at the analyser input. This edge is arranged to bisect the beam 
so that the edge of the beam spilling over the second defining- 
edge is sharp and of maximum current density. The input 
defining-edge and the collimation of the beam are shown dotted 
in Fig. 2. The input defining-edge serves another important 

purpose by defining the effective position of the beam at the 
analyser input. Thus, small drifts in position of the beam, due, 
for example, to the gun filament moving, produce only second- 
order disturbances in the system. 


and OXpi— FX pliS . 


(3.2) The Analyser Aberrations 


At the output of the 180° analyser, a focused image in the 
x-direction of the current-density distribution at the input is 
produced. In the z-direction, the beam is not focused and 
therefore spreads at the same rate as before entering the field. 

Since the output defining-edge is extended in the z-direction, 
this spreading is of no particular significance in the following 
argument. 

The analyser does not produce a perfectly sharp image but 

' suffers from radial aberration dependent on the beam angle of 
the illuminating cone. The effect of this aberration is now 
considered. In Fig. 3, YO is the direction of the axis of the cone 


Fig. 3.—Diagram illustrating the derivation of the analyser aberration. 


_ of electrons entering the spectrometer; OX lies along the boundary 

of the magnetic field and is equal in length to the diameter (xp) 
of the orbit of the central electron ray. A marginal ray, making 
an angle « with the axis of the illuminating cone, may make 
angles of w with the XY plane and of y with the YZ plane. 

| Then tan? « = tan? w + tan? y. 

_ The marginal electrons will move in a trajectory in the mag- 
Netic field with a constant velocity v sin w parallel to the field, 

_and the projection of the trajectory in the plane YOX will be a 
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circle of diameter OR’ (= xp cos w) making an angle y with 
OX; v is here the full velocity of the electrons. The projected 
trajectory will finally cut OX in X’. XX’ is the aberration of the 
system. 

Now XX’ = OX — OX’ = x,(1 — cos ycosw). The maxi- 
mum value of XX’ occurs when cos y cos wis a minimum. 
This can be shown to occur when tan y = tan w = 1/4/2 tan x. 


F 1 
XXmax = x(1 pb tare :) 


or for small values of « 


Hence 


(4) 


Thus, the sharpness of the image of the defining-edge can be 
improved to any desired degree by reducing the illuminating 
angle. This can only be done, however, at the expense of 
reduction of current density in the spot. The beam-spread 
parallel to the magnetic field due to the component of velocity 
in that direction amounts to 7xp«, and is of consequence only 
in limiting the spacing of the deflecting magnetic pole-pieces. 

As a result of the aberration the edge of the beam is not sharp 
and the collected current cannot be reduced below a certain 
minimum if the maximum sensitivity is to be maintained. 
Alternatively, to reduce the collected current to a prescribed 
minimum without loss of sensitivity due to aberration, the 
aperture angle of the beam entering the analyser must be limited. 

This condition leads to a maximum allowable aperture angle. 
If the aberration is specified as being less than half the overlap 
distance [5x in eqn. (3a)], the maximum allowable value of « 
is given by combining eqns. (3a) and (4) as 


1 
Pe Eee 5 
sis (5) 
For example, if i= 10-2 (1% beam current stability) and 
S = 10° (1 in 10° h.v. stability), « must be equal to or less than 
Tx N0m2 rad: 


(3.3) Beam Intensity and Sensitivity 


If the electron beam is bisected by the first defining-edge, the 
current collected by the second edge for an overlap x is given, 
to a close approximation, by 


pes 4-59 | — exp (1 38) 
0 


which expression is derived in the Appendix, Section 10. 
Differentiating, we have 


dl a7 
Pay 5-9Joro exp (- 1 3) 


(6) 


Eqn. (2) gives 6x = 4xp)dV/V, and hence the sensitivity is 


given by 
dl 2 r 9x pJoro ( x 
eee EN eee 

Dea EI a Ne =) 


For a small overlap distance (ie. x < ro) exp (—1:3x/ro) 
approaches 1 and hence 
em 2° 9x por 0 


7 (7) 


The maximum current density per unit solid angle (bright- 
ness f) obtainable from an electron gun is limited, as has been 
shown from theoretical considerations by Langmuir.!! The 
design and operating conditions necessary to obtain the 
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theoretical brightness have been discussed by ~Haine and 


Einstein.!2. The theoretical maximum value is given by 
pee JV: 
awkT 


Thus, the maximum current density at the first defining-edge is 
given by 

J Ved2 
Jy = Prog = ne. (8) 
where «,,,., is the maximum beam angle, which must not exceed 
that defined by eqn. (5). 

The theoretical sensitivity of the analyser can now be 
enumerated after deciding on suitable values for xp and 7. 
From general considerations, x) was chosen to be 15cm. If 
the electron gun is to be used without a condensing lens, it should 
be placed at such a distance from the input defining-edge that 
the effective source subtends an angle 2«,,,, at the edge. The 
radius of the illuminating spot (r9) is given by the product of the 
distance from gun to spectrometer input, and the semi-angle of 
the beam leaving the electron gun. This angle can be controlled 
by variation of the electron-gun bias without appreciable varia- 
tion of the brightness 8 (see Reference 12). The most relevant 
practical factor affected is the total current in the electron 
beam, which it was desirable for practical reasons to keep below 
100 wA. This current is given by 

I= B x me? 


max 


ro = UKT|I,Vrex2)$ 


Roepe 
>< TT9 
Hence 


(9) 


It is now possible to evaluate the sensitivity in terms of practical 
values of the various parameters. These are: 


Sma = 7 X 10-3 
Xp = 15cm 
J. = 1 amp/cm? 
T = 2 800° K 


Hence, from egn. (8) Jy = 10:0 amp/cm? 
and from egn. (7) g = 8-7 x 10-3 rg amp/volt 
By combining with eqn. (9) we obtain 


g=1-5 Xx 10-3\/J amp/volt 
I= 50 x 10-* amp 
g = 10 x 10-6 amp/volt. 


e.g. for 


In combination with an output load resistance of 10° ohms, 
the analyser should thus be capable of giving a gain of at least 
10 times. This demonstrates one important advantage over a 
resistance potential-divider where the signal level at the tap 
point corresponding to the maximum permissible variation in 
the high voltage is of the order of a millivolt or less, thus requiring 
a higher amplifier gain and a much more stable input level. 
The analyser should not require an amplifier input stability 
closer than +1 volt for an overall stability of 1 part in 10° with 
a high voltage of 100 kV. 

In practice, to obtain a value of a =7 x 10-3 rad with- 
out the use of a condenser lens between the electron gun and 
spectrometer, it is necessary for the electron gun to be less than 
4mm from the analyser input. Since this is not practicable, 
and since it was thought desirable to avoid the use of a condenser 
lens, the gun was positioned 8cm from the analyser input, giving 
an input angle of 3 x 10-4rad. (The effective source size in the 
type of gun used is 0:0025cm radius.) This reduction in angle 
results in a reduction in sensitivity from 10 pA/volt to 
0-4 wA/volt. This figure still gives an adequately high signal 
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level to the amplifier input, and the reduction in current density 
at the defining edges reduces the surface thermal load, which 
would be heavy under the conditions previously prescribed. In 
practice, the sensitivity usually obtained is found to be within a 
factor of 2 of this calculated value. 

It was found advantageous to stabilize the electron-gun current 
to within less than 1% in order to work with a larger overlap 
current. This decision arose after difficulty was experienced in 
making the two defining-edges exactly parallel. It will be seen 
that this sets a lower limit to the overlap current that can be 
used without loss of sensitivity. It should not be impossible 
to overcome this mechanical difficulty, but the easier alternative 
of stabilizing the beam current was adopted in this instance. 

There are still a number of factors which have not been dis- 
cussed and which might be expected to provide limitations to 
the stability attainable with the electron-velocity analyser. These 
factors are enumerated and discussed in Sections 3.4 to 3.7. 


(3.4) Electrical Effects 


The spread in the velocity of emission of the electrons sets a 
limit to the final stability. The mean energy spread due to this 
cause is given by 7/11 600 electron volts, where T is the cathode 
temperature in deg K. For tungsten at 2 800° K the spread is 
about 0-25 volt, giving a stability of 1 part in 250000. In 
practice, the electron gun can make the beam more mono- 
chromatic, as has been explained by Haine and Einstein. !2 


(3.5) Mechanical Vibration 


Spurious changes will result if the two knife edges move 
relatively. For the conditions of the above example, the knife- 
edge separation must be stable within xp x 10~§, or 0-15 micron 
for xp = 15cm. This presents some difficulty, but seems by 
no means impossible, particularly since the knife edges can be 
supported at either end of a rigid bar. 


(3.6) Thermal Expansion 
Thermal expansion will cause variations in the magnet field, 
and in the distance between the defining-edges. A typical tem- 
perature coefficient of 20 parts in 106 per deg C leads to a tempera- 


ture-stability requirement of 1/20° C for a voltage stability of ; 


2 parts in 10®. This could be reduced by using materials of low 
coefficient of expansion or by compensation. As will be seen, 
an even smaller temperature tolerance is set by the temperature 
coefficient of the permanent magnet used to produce the deflecting 
field. 

(3.7) Magnetic-Field Variation 

Since the diameter of the electron orbit in the analyser is 
inversely proportional to the magnetic field, it is clear that the 
high voltage cannot be more stable than the magnetic field 
strength. Three possible methods of exciting the magnet gap 
have been considered: a permanent magnet, an electromagnet 
supplied from a stabilized current source, and an electromagnet 
connected in series with the electron-microscope objective lens. 
This last method has a further advantage which is discussed 
below. 

Permanent-magnet excitation is attractive in that it eliminates 
the necessity for any associated circuits. Modern permanent- 
magnet alloys have temperature coefficients of about 1 part in 
4 000 per deg C,!5 so that the temperature must be kept constant 
to 0:01° C to maintain the field constant to 1 part in 500 000. 
To minimize drift in the strength of the magnet, it should be 


over-excited and then stabilized by the application of an a.c. — 


field. 
The possibility of compensating the magnet against variation 
due to temperature changes, by using shunts of magnetic materiai” 
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whose permeability is temperature-sensitive,!'4 has been con- 


~ sidered but has not so far been applied. 


An electromagnet requires a current supply stable:to 1 part in 
500 000, although it is possible to operate it in series with the 
electron-microscope objective lens, in which case the change in 
focal length due to a current change in the lens would be com- 


'pensated by the high-voltage change resulting from the same 


change in current occurring in the analyser magnet. This com- 
pensation would be exact only where iron saturations, if present, 
were identical in both magnet and lens. It is difficult to achieve 
these conditions in practice. 

A further possible cause of variation in the deflector field lies 
in the varying stray fields arising from, e.g., nearby transformers. 
The maximum permissible stray field for a total deflector field 
of 100 oersteds is 0:2mG. This is roughly equal to the stray 
field measured in the laboratory, where precautions had already 
been taken to minimize stray fields because of interference with 
the electron microscope itself. An advantage of the electro- 
magnet is that it provides a large degree of shielding against 
stray magnetic fields. The permanent-magnet arrangement is 
poor in this respect because of the low permeability of the 
permanent-magnet material under operating conditions. 


(4) THE PRACTICAL REALIZATION OF THE VELOCITY 


ANALYSER 


(4.1) Velocity Analyser 


The analyser system finally used is shown in Fig. 4. It consists 
of an electron gun (1) similar to that developed for an electron 
microscope,!> using a 0-005in tungsten wire hairpin as cathode, 
a biased cathode shield, and earthed anode plate. The anode 
plate can be adjusted laterally to centre the electron beam as 
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Fig. 4.—Cross-section of 180° magnetic velocity analyser. 


Distance between vertical support rods = 25 cm. 
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described in Reference 12, which deals comprehensively with the 
performance and characteristics of this type of electron gun. 

The electron gun is mounted directly onto the 180° analyser 
top plate (2), its axis making an angle of 6° to the top edge of the 
magnet. The tilt of the gun is desirable because the electron 
beam is defiected by the fringe field of the magnet before passing 
into the region between the magnet pole-pieces. For the spectro- 
meter aberrations to have a minimum effect, the electron-beam 
axis should be perpendicular to the line joining the input and 
output defining-edges of the spectrometer. The angle of 6° 
was computed from the magnetic-field distribution measured on 
a resistance-network analogue.!® 

The analyser itself consists of the semicircular brass vacuum 
vessel (3) with rectangular top flange, the defining-edges (4), 
the collector cylinder (5), and the magnet (6). The vacuum 
vessel has a copper liner which can be removed for cleaning. 
It is important, as in most electron-optical systems, to avoid 
contamination by insulating layers which may become charged 
by stray electrons to a potential sufficient to deflect the main 
electron beam. 

The defining-edges are machined in a single brass bar (7) 
with copper inserts soldered in at the ends. The actual edges 
are lapped straight to microscopic tolerance and tapered on the 
back to allow the electron beam to spread without interception. 
It is important that the edges should be accurately parallel, as 
has already been mentioned. The copper blocks are fitted with 
an oil-cooling pipe (8) soldered into a hollow which is milled 
lengthwise. Adjusting screws (9,10) enable the first edge to be 
centred in the incoming electron beam by traversal in the x- 
direction. The oil connections are taken out through a flexible 
metal bellows (11). 

The collector is a shielded and insulated cylinder, with an 
entry aperture arranged to collect the beam which spills over 
the second defining-edge and to trap as many back-scattered 
electrons as possible. It must be borne in mind that, at voltages 
of 50-100 kV, as much as 60-70% of the beam falling on a metal 
surface can be lost by back-scattering. A coating of graphite 
is applied to minimize this loss. 

A separately insulated second apertured box (12) is fitted round 
the collector, and serves to indicate (by absence of any current 
reaching the electrode) correct alignment and adjustment of 
the beam. 

The permanent magnet consists of two rectangular slabs of 
4+in-thick mild steel measuring 9in <x 7in, spaced 0-75 in apart. 
Excitation is produced by a solid cylinder of Alcomax II 
permanent-magnet material fitting between the pole-piece slabs. 
This arrangement represents a very efficient use of the permanent- 
magnet material since the drop in magnetomotive force along 
it is uniform and none of the material is wasted. It also results 
in a simple design for the permanent magnet, since no allowance 
for demagnetization by unknown leakage flux of the magnet 
itself need be made. The deflecting field for 100-kV electrons 
(the maximum voltage allowed for in the design) is 150 oersteds. 
This can be obtained with a 2cm length of Alcomax II operating 
at a flux density of about 10kG. The magnet area required is 
therefore about 9cm?.. 

The alternative electromagnet comprises two Mumetal poles 
of the same size as those in the permanent-magnet system, and a 
Mumetal core of cross-section large enough to keep the flux 
density of the core below 5000G. The core is excited by a 
winding capable of giving a flux density up to 150G in the gap. 
This magnet gives a current/flux-density relation which is linear 
to within 0:1°%, and a flux density differing by less than 0°1% 
from that in another similar magnet, excited in series with it. 
This is of importance in one of the tests applied to the system 
and mentioned in Section 6.3. 
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(4.2) Temperature Stabilization 


The magnet assembly is immersed in an oil-filled tank kept 
at a constant temperature of 28° C by a mercury-toluene regu- 
lator with thyratron relay controlling the heater. The heater 
is a 60-watt electric light bulb, which provides heating with a 
small 50-c/s magnetic field. The oil is stirred by small dic. 
motors fitted 3ft from the magnets. The temperature of the 
bath is stable within about +0:01°C. A small gear pump 
attached to one of the stirrers pumps oil through the defining- 
edge cooling pipe. 


(5) ELECTRICAL CIRCUITS 
(5.1) Electron-Gun Supplies 


Normally, the electron gun of the electron microscope operates 
with a bias obtained from the voltage drop in a resistance in 
series with the main high voltage (self-bias). In the stabilizing 
arrangement at present employed, it is desirable to connect the 
microscope and analyser cathodes directly together electrically, 
as the stabilizer effectively stabilizes the potential at its cathode, 
and any intervening circuit would be likely to introduce a varying 
potential on the microscope cathode relative to the analyser. 
On the other hand, it has been seen (Section 3.1) that the analyser 
beam current should be stable to better than 1%. It is difficult 
to achieve this stability without self-bias unless some form of 
current stabilizer is used. Fortunately, it was possible to devise 
a very simple circuit giving a current stability of about 1 part in 
1 000. 

Circuits for cathode heating, biasing and current stabilizing 
are mounting on a platform insulated for 100kV from earth. 
The circuit arrangement is shown schematically in Fig. 5. Two 
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Fig. 5.—Circuit diagram of h.v. electron-gun current stabilizer. 


identical circuits are included to feed two electron guns, although 
only one stabilizer circuit is shown in the Figure. Filament 
heating is obtained from 6-volt car-type accumulators. An 
on-off switch and a rheostat control are operated by means of 
long insulating rods. The current stabilizer comprises a single 
degenerative amplifier stage using a type 6F13 pentode valve. A 
small reference resistance, in series with the high-voltage supply, 
produces the control signal, which is fed to the grid of the valve 
through a 4-5-volt battery. The output of the amplifier provides 
the bias to the electron gun. 

Provision is made for injecting a fixed voltage across the 
resistor R (Fig. 5) connected in the high-voltage line between 
the two electron guns. This voltage is used to calibrate moni- 
toring equipment and to introduce accurately known fractional 
changes in the focus of the microscope. 


(5.2) High-Voltage Supply 
The high-voltage power unit consists of a voltage-doubling 
Greinacher circuit with a resonant air-cored transformer 
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energized by a 25-kc/s oscillator. The arrangement is very 
similar to that used in the electron microscope described by 
Haine, Page and Garfitt.1> The schematic circuit is included in 
Fig. 6. Variation of the output is effected by control of the 
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Fig. 6.—Circuit diagram of h.v. power unit with parallel d.c. and a.c. 
feedback amplifiers. 


oscillator screen-grid voltage, the zero-frequency gain being 
about 250 from oscillator screen-grid to output high voltage. 
The gain at higher frequencies is also important and is discussed 
in Section 5.4. 

(5.3) Feedback D.C. Amplifier 


To maintain a stability of 2 parts in 10° in the presence of 
variations of input and load of 1%, an overall feedback gain of 
5 000 is required. If the zero-frequency' gain of the modulator 
is 250, and that of the analyser about unity with a 5-megohm 
load, an amplifier gain of at least 20 is desirable. The input 
to the amplifier must be stable to within 0-1 volt. 

The amplifier is conventional in design except that care had 
to be taken to make the gain independent of frequency over the 
range 0-50 kc/s and that low-grid-current valves are used in 
the input stage. The output valve feeding the screen-grid of the 
oscillator stage is a cathode follower. A microammeter in 
series with the input resistor indicates the overlap current 
collected in the collecting cylinder; this current is adjusted by 
means of a variable direct voltage in series with the micro- 
ammeter. When correctly adjusted, the high voltage recovers 
automatically after a large disturbance such as a flashover of 
the microscope gun. A reduction in high voltage causes the 
overlap current to fall to zero, so applying maximum screen 
voltage to the oscillator valves and re-establishing the stabilized 
voltage. 

(5.4) Self-Oscillation and Frequency Response 


Bode!7»!8 has shown that, with certain reservations, the 
oscillation stability of a feedback amplifier can be judged from 
the log-gain/log-frequency characteristic. Instability results if 
the gain is greater than unity at the point where the negative 
slope of the characteristic exceeds 2; at this point the phase 
shift is 180°. The frequency response of the h.v. power supply 
was measured, and is shown in curve (a) of Fig. 7. A maximum 
stable gain of only 100 would be expected from the Bode criterion; 
this was approximately confirmed by experiment. Not only is 
the circuit unstable, but the gain at 50c/s and harmonics of 50c/s.__ 
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Fig. 7.—Loop-gain/frequency characteristics of feedback loop with 
and without the modification produced by a.c. feedback amplifier 
and stabilizing time-constant. 


is too low to allow mains frequency and harmonics to be reduced 
appreciably by the stabilization. For larger gains to be applied, 
it is clear that the frequency response of the feedback loop had 
to be modified so as to make the gain fall off more slowly with 
increasing frequency. The parts of the circuit causing the rapid 
fall-off were the oscillator and smoothing circuit. Improvement 
was achieved by the use of an auxiliary a.c. feedback loop, by- 
passing the h.v. power unit from oscillator screen grid to the h.v. 
line. This amplifier consists of one pentode stage and a cathode 
follower connected from the output of the d.c. amplifier to the 
A spark-gap and 
non-linear resistor are connected across the load resistor for 
protection against h.v. surges. The arrangement is shown in 
Fig. 6. 

The improvement resulting from the insertion of this amplifier 
is shown in curve (b) of Fig. 7. The gain is now constant up to 
50kc/s, but oscillations would still occur at about 200kc/s, 
where the slope of the characteristic reaches —2. This in- 
stability can be prevented by lengthening one of the time-con- 
stants to give the dotted curve (c) in Fig. 7, so reducing the 
gain to unity before the slope reaches —2, For comparison, 
slopes of —1 and —2 are shown by the short dotted curves 
(d) and (e). In practice, the large time-constant was applied in 
‘the form of a capacitor across the input of the d.c. amplifier 
input resistor. By adjustment of this capacitor and the a.c. 
amplifier gain control, a total stable loop gain of up to 5000 
was obtained. The insertion of the loading capacitor in this 
position has the incidental advantage of reducing the input 
impedance of the amplifier, and hence the possibility of pick-up 
of stray transient voltages. 


(5.5) Cathode-Ray Oscillograph Monitor 


The ripple voltage on the 50-kV line is monitored on a cathode- 
ray oscillograph and a 30:1 capacitance potential-divider 
formed from a 100cm section of the h.v. cable, which has its 
sheath isolated and connected to earth through a 3 000 uur 
The sheath is connected to the input of the oscillo- 
_ graph amplifier. 


(5.6) Auxiliary Analyser 


In addition to the main stabilizing analyser, a second identical 
analyser is available. The second analyser can be switched in 
place of the first as a standby in case of filament or other failure, 
or it can be used as a test monitor to check the h.y. stability. Its 
_ use in this connection is discussed in Section 6. The output of 
- the second analyser is recorded on a 4in chart recorder via a 

d.c. amplifier. This arrangement has a sensitivity capable of 
_ showing a change in high voltage of 1 part in 10° per millimetre 
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division of the chart. The stability of the amplifier corresponds 
to changes of less than 1 part in 10° in the high voltage. 


(6) PERFORMANCE AND OPERATION OF THE STABILIZER 
SYSTEM 


(6.1) Operation 


The measurement of the stability of the output of a voltage 
stabilizer necessitates comparison with a device at least as stable 
as the stabilizer itself. It was not practicable, in the present 
instance, to assess the stability by the microscope performance, 
since so many other factors may affect it. The only alternative 
was to use a second analyser in parallel with the one used for 
stabilizing, and to measure the variation of its output. The 
measured variation will be expected to result from the sum of 
actual changes in the high voltage and variations introduced by 
the measuring analyser. In general, it is comparatively simple 
to produce a stabilizer which reduces the input and load varia- 
tions to a prescribed level. On the other hand, difficulty usually 
arises because the stabilizing system produces its own variations 
in the output such as those due to drift in component values and 
valve characteristics, and to pick-up of stray voltages. The 
problem is to locate and eliminate all such sources of spurious 
voltage change. 

The following test procedure was adopted, the general arrange- 
ment being shown in Fig. 8: 

(a) The d.c. amplifier is run with no collected current at the 
input and its output voltage variations are measured. 

(6) The stability of the two electron-gun currents is checked 
by adjusting the position of the analyser defining-edge block 
and the energizing field so that the whole of the gun current is 
received in the collector cylinder. The stability is checked by 
recording the output via the d.c. amplifier suitably backed-off 
to allow a reading sensitivity of 1 part in 1 000. 
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Fig. 8.—Block diagram to show test arrangement. 


(c) The two defining-edge blocks are now moved to bisect 
the beam at the input as indicated by a reduction in collector 
current to 50%. The magnetic field is increased until the beam 
is intercepted by the output defining-edge and the collected 
current reduced to the amount specified in eqn. (3). 

(d) The sensitivity of the two analysers is now measured with 
the aid of the calibrating voltage referred to in Section 5.1. 

(e) The voltage variation developed at the output of the 
stabilizing analyser is now measured. This variation, divided 
by the known gain of the analyser, would give the variation on 
the h.v. line if the analyser itself were perfectly stable. In fact, 
it only gives the effective variation from all parts of the feedback 
loop other than the analyser. 

(f) The complete system is now operated with ripple monitor 
and chart recorder in operation. The chart recorder is calibrated 
directly from the calibrating voltage between the two analysers. 
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(6.2) Results 


Typical test results for the apparatus as described when first 
operated are enumerated below: 


Beam current stability ae . 1 in 103 (for 1h) 
Equivalent stability at stabilizing analyser 
output : : LS . 1 in 107 (for 1h) 

Ripple voltage so Partin HOP 
Long-term drift . up to 10 volts/min. 


The high equivalent stability at the analyser output indicates 
that adequate feedback gain is available, and that spurious 
fluctuations in the amplifier and modulator are negligible, so 
that any measured voltage fluctuations must result from in- 
stability in one or both of the analysers. The ripple voltage was 
excessive and was subsequently reduced by minor circuit changes 
to 4 parts in 10°. 

It was not possible to ascertain whether observed variations 
result from the stabilizing analyser or the measuring analyser, 
and it was therefore necessary to attempt to improve both. In 
the first attempt, the actual-overall temperature-coefficients of 
the analysers were measured by causing large changes in the 
temperature of one oil bath and measuring the indicated change 
in high voltage. In this way, for the permanent magnets, a 
temperature coefficient of 1 part in 4 000 per deg C was measured, 
while for the electromagnets the measured value was 1 part in 
20 000 per deg C. Since the temperature was found by measure- 
ment to remain stable to 0:01° C, voltage changes of not more 
than 1 part in 400 000 should result. 

The main source of drift was found to be incorrect alignment 
of the analysers. In particular, it was found that over the first 
10-15min of operation the electron gun filaments tended to 
move, thus moving the electron spot at the analyser input. By 
delaying the final alignment until after such an initial period of 
operation, a considerable improvement was obtained. Finally, 
the drift was reduced to about 1 part in 10° per minute, with 
some day-to-day variation. The overall stability then obtained 
is shown in the records of typical runs in Fig. 9. The stability 
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Fig. 9.—Typical test records from recorder with 1-volt calibration 


changes. 


Chart scale in (a), (6) and (c) = 6 parts in 10° per vertical division. 
Chart scale in (d) = 3 parts in 10° per vertical division. 


can usually be relied upon to 2-3 parts in 10° for minute intervals. 
The ripple is still 4 parts in 10°, but it is known that this can be 
reduced, and steps in this direction are being taken in a new 
h.v. power unit. 

The above results were obtained with the electromagnets 
which were excited in series, so that the variations in excitation 
current were automatically compensated as previously described. 
A current stabilizer, giving a stability of 3-4 parts in 10° has now 
been developed by Jervis,!° and is in operation feeding the 
microscope objective lens and the stabilizing analyser. Results 
with the permanent magnets have shown comparable results. 
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(7) CONCLUSIONS 
A voltage stabilizing system has been constructed capable of 
stabilizing a h.v. d.c. supply to a few parts in 10° over most 
ten-minute periods. It is felt that stability over longer time 
intervals could be achieved but further experimental work is 
necessary to locate the causes of residual drift 
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(10) APPENDIX 


Current Overlapping an Edge Collected by Half Plane 
intersecting Half Gaussian Electron Spot Image 


It is clear that for the sake of this argument the spot may be 

considered as circular at the spectrometer output. The fact that 

it is drawn out parallel to the edge of the electrode does not 
| alter the variation of collected current with voltage. 


== Xo 


Fig. 10.—Illustrating calculation of current collected by plane inter- 
secting electron-spot image. 


Consider the case of a spot with a Gaussian distribution of 
half-width* ro, total current J, incident in the plane of the 
defining edge and with angular aperture «. 


* Width at half-height. 
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In Fig. 10, O is the centre of the spot and CD is the defining 
edge parallel to the diametrical edge of the spot OO’. 

Rectangular co-ordinates, z parallel to CD, and x perpendicular 
to CD, and passing through O, are introduced, and a small area 
dx, dz at a position x,z is considered. 

The current density at a distance r from O is given by 


J=Jo one |- 0-7(£) | 


where Jp = current density at centre of spot, and 
ro = half-width of Gaussian distribution curve. 


Pet) 
dI = Jy exp [- 0-7(* 2 ) lex dz 
0 


The current overlapping the beam x is 
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The integrals are the probability integrals; the first has the 
solution +/x/2 x ro/1/0-7, while the exact value of the second 
can be obtained from tables. An approximate solution (to 1 
or 2°%) derived by curve matching gives 


Malas ref0-7] 1 aes (1 oo.) 


r 


Therefore [= 4-5Jor2[1 — exp (—1-3xo/r0)] 


[The discussion on the above paper will be found on page 277.] 
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SUMMARY 


A d.c. stabilizer is described which delivers 50-150 mA stable to a 
few parts in 106. A degenerative feedback system is used with a 
contact-modulator amplifier, self-oscillation being prevented and the 
frequency response improved by an auxiliary a.c. feedback loop. 
Facilities for monitoring the stability are provided. 


LIST OF SYMBOLS 
R = Reference resistance, ohms. 
R,, = Resistance of load, ohms. 
Vp = Reference potential, volts. 
I = Load current, amp. 
V, = Input voltage, voits. 
p. = Amplification factor of series valve. 
A = Gain of d.c. amplifier. 


(1) INTRODUCTION 


A previous paper has described the design and construction 
of an h.y. stabilizer! giving a stability within a few parts in a 
million in a 50-kV supply to an electron microscope. A similar 
order of stability is required for the magnetic deflecting field of 
the stabilizer and the magnetic objective lens of the microscope. 

Magnetic fields can be stabilized by feedback arrangements 
from a search coil and fluxmeter;? the feedback may also be 
provided from a nuclear resonance probe,? which is capable of 
giving stability to a few parts in a million.4 These methods are 
not applicable to the voltage-stabilizer electromagnet, since the 
field is too weak and the microscope-lens magnetic field is non- 
uniform and very limited in extent. 

It appeared that the required field stability could be most 
easily obtained by exciting the lens and electromagnet with 
stable currents. The development and performance of a suitable 
current stabilizer along these lines is described in the paper. 


(2) SPECIFICATION 
The stabilizer was required to deliver a maximum current of 
150 mA into a 3 000-ohm inductive load with a stability within 
4 parts in 10° for periods of up to one hour. The output current 
was to be variable in steps of less than 1 part in 105 over a range 
of 10%, and the operating range preset by changing soldered 
joints or terminals to cover the total range of 50-150 mA. 


(3) THE DEGENERATIVE FEEDBACK CURRENT 
STABILIZER 


(3.1) Principle of Operation 


Many forms of current stabilizers have been described,> but 
the most suitable for the load and stability requirements in 
question is the degenerative feedback type, illustrated in Fig. 1. 
A reference resistor R is connected in series with the load Ry 
and the voltage drop across R is opposed by a reference voltage 
Vp. The difference is applied to the input of a d.c. amplifier, 
the output of which feeds the grid of the series valve with the 
load R, in its cathode circuit. 
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REFERENCE —> 
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Fig. 1.—Degenerative feedback current stabilizer circuit. 


The load current J is then given approximately by 
I = Vp RG ee eh AD 


It is well known> that in such a circuit the fractional load- 
current variation, dJ/J, resulting from a fractional input voltage 
variation, 6V/V, is given to a close approximation by 


R, 
ae Se. ee. revomle 
Sif ie bV[V (2) 
In addition, the fractional current variation, resulting from a 


fractional load-resistance change, 5R,/R,, is given by 


R, 1 4+ pORe 


Sil = 2 ae 


(3) 
if A is large. 

It is not difficult to design a suitable amplifier to meet the 
requirements specified in eqns. (2) and (3), provided due care is 
taken to avoid feedback oscillation as discussed in Section 3.4. 
Important difficulties occur, however, in preventing spurious 
variations in the output current arising from sources within the 
feedback circuit. 


(3.2) Reference Elements 


It can be seen from eqn. (1) that the output current is directly 
dependent on the values of reference resistance and voltage, so 
that these must be stable to the same degree as that required in 
the output current. 

It has been shown® that mercury primary cells have a tempera- 
ture coefficient as low as 20 parts in 106 per deg C, so that tem- 
perature control to 0-05° C is adequate to reduce the effect of 
temperature to 1 part in 10°. Similar temperature coefficients 
have been reported for other mercury cells.? Leclanché-type 
dry cells have a temperature coefficient of 300 parts in 10° 
per deg C. 

The measurements described in Reference 6 showed that 
random fluctuations of about 5 parts in 10° occurred in the 
e.m.f. of the batteries tested. These were fitted with screw 
terminals. Later samples with copper-wire terminal connections 
gave random fluctuations of about 1 part in 10°, and this type 
was chosen for use in the stabilizer. 

The temperature coefficient of manganin resistance wire is 
less than 5 parts in 106 per deg C at 26°C. It can therefore be 
assumed that a constancy of | part in 10° over a few hours can 
be obtained in a reference resistor wound with wire, provided ._ 
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its temperature is adequately stabilized and contact potential 
. changes are avoided. 


(3.3) Feedback Amplifier 


Any internal fluctuations in the d.c. amplifier when referred 
to the input can be regarded as a voltage in series with its input. 
They therefore have the same effect as a fluctuation of the 
reference voltage, and must be less than the maximum permissible 
fluctuations in the reference potential. 

Thermionic-valve d.c. amplifiers suffer from changes in 
effective grid potential of the input valve due to internal changes 
and supply-voltage fluctuations. In simple amplifiers, effective 
input variations of 10 mV/h are common. These can be reduced 
to 0-1-1 mV/h by careful balancing and selection of valves 
and suitable stabilization of the supply voltages.2 Even under 
these conditions, the stabilizer would require a reference potential 
of at least 100 volts if the effect of these fluctuations is to be less 
than 1 part in 106. The use of such a high reference potential 
is inconvenient if the battery has to be temperature stabilized, 
and leads to a considerable power dissipation in the reference 
resistor. 

_ This difficulty can be overcome by the use of either a galvano- 

meter amplifier or a modulator-type amplifier. A relatively 
simple galvanometer amplifier can be made with an input 
stability to less than 1uV, and the use of such an amplifier in a 
current stabilizer has been described by Lawson and Tryler,? 
who obtained a stability of 20 parts in 10° for several hours. 
This type of amplifier is somewhat sensitive to vibration, and 
being fragile is easily damaged by overload. 

With the contact-modulator amplifier, comparable stability is 
obtainable with a more robust instrument, not sensitive to 
vibration or easily damaged by electrical overload. Such 
amplifiers are commercially available in a convenient form, !° 
and one of these was chosen for use in the stabilizer. In this 
particular instrument, the d.c. input signal is ““chopped” into 
Square waves by a vibrating contact. The resultant a.c. signal is 
passed through a step-up transformer, amplified in an acc. 
valve amplifier and then rectified by a phase-sensitive detector. 
This type of amplification uses the valves as a.c. amplifiers only, 
so that changes in the effective grid potential of the valves merely 
alter the gain slightly. Thus, for a stability to 1 part in 10°, 
a reference potential of 1 volt is adequate. A 5-2-volt battery 
was actually used, consisting of four mercury cells of the type 
described in Reference 6. 

Negative voltage feedback is applied to the amplifier to increase 
its input resistance. On the sensitive range, the gain is 2-5 x 10° 
with an input resistance of more than 1 000 ohms. 


— CONTACT 


MODULATOR 
AMPLIFIER 


Fig. 2.—Block diagram of the precision direct-current stabilizer circuit. 


R,R2 = 1 megohm C; = 0:25 uF 
R3 = 33 kQ Co = 0°5 pF 
R4g=5kQ C3 = 0-S uF 
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For a stability to 1 part in 10°, with input voltage variations 
of 1% and load variations of 5°, eqns. (2) and (3) give the 
minimum values of gain as 1-2 x 10° and 3-6 x 10° respectively 
(R; = 3000 ohms, R= 500hms, ,x=5). The contact- 
modulator amplifier gain is 2-5 x 10°. This is followed by a 
single-stage amplifier V1, providing phase reversal and a gain 
of 10. The arrangement is shown in the block diagram, Fig. 2. 
The a.c. amplifier shown is referred to in Section 3.4. 


(3.4) Loop Gain and Frequency Response 


The contact-modulator amplifier has two disadvantages. 
First, the final rectification of the amplified chopped d.c. signal 
leaves some ripple in the output, consisting of the fundamental 
and harmonics of the chopping frequency. Secondly, the low- 
pass input and rectification filters cause the gain to fall rapidly 


LOOP GAIN 


0-0! fon \ 10 100 10% lo* 10° 10° 
FREQUENCY </s 


Fig. 3.—Frequency response curves of the feedback loop. 


(a) D.C. loop alone. 
(6) H.F. loop alone. 
(c) H.F. loop with integrating circuit. 


with increase of frequency. Curve (a) in Fig. 3 shows the 
measured frequency-response characteristic of the amplifier used. 
The high slope implies a large phase shift!!,!2 which reaches 
180° (slope, —2) at the point 0. A simple feedback arrangement 
incorporating this amplifier would therefore oscillate if the loop 
gain exceeded unity at 0, i.e. a d.c. gain of about 100. Further- 
more, the loop gain at ripple frequency would be so small that the 
residual ripple introduced by the d.c. amplifier would not be 
appreciably reduced by the feedback. 

The effective gain at high frequencies was increased by an 
a.c. amplifier connected in parallel with the d.c. path, as shown 
in the block diagram, Fig. 2. This technique has been described 
for use in servo systems by Williams ef al.,!3 and Buckerfield!4 
has shown how it can be used to extend the frequency range of 
contact-modulator amplifiers. Separate d.c. and a.c. loops 
have also been described for use in current stabilizers!> and 
voltage stabilizers. 16 

The a.c. amplifier is connected to the high-potential end of 
the load to reduce thé gain required. This is permissible, since 
no high-frequency variation in the load resistance is likely. To 
extend the response of the contact-modulator amplifier without 
interruption, the low-frequency response of the a.c. amplifier 
must be good down to Ic/s. A resistance-capacitance coupled 
amplifier was used initially, but was found to be unsatisfactory 
owing to the long recovery time after blocking. It was therefore 
replaced by three stages of direct-coupled pentode amplification, 
with capacitance coupling at output and input only. The out- 
put of the a.c. amplifier is mixed with that of the d.c. amplifier 
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at the grid of the series valve. The frequency response of the 
a.c. amplifier is shown by curve (5) in Fig. 3. By suitable adjust- 
ment of the a.c. amplifier gain, the frequency response of the 
combined feedback amplifiers was made substantially constant 
from zero to 50 kc/s. The slope of this curve now reaches —2 
at a frequency above 100 kc/s, but the amplifiers would still 
oscillate with a comparatively small loop gain. By inserting 
one long integrating time-constant (R,; and C, in Fig. 2) at the 
grid of the series valve, the frequency response is modified to 
that shown by curve (c) in Fig. 3. The slope is now always less 
than —2 for gains above unity, and the circuit is stable for a 
d.c. loop gain up to 40000 at least. A useful gain up to a 
frequency of 1 000 c/s is obtained. 

The ripple voltage originating in the contact-modulator 
amplifier is about 100 mV peak-to-peak. After passing through 
the d.c. amplifying valve V1, the ripple is reduced by the filter 
R,C, to about 60mV. The ripple appearing across the load is 
further reduced by the feedback, the loop gain at 100c/s being 
over 100. 


(4) POWER SUPPLY AND TEMPERATURE CONTROL 


The stabilizer is fed from a conventional full-wave-rectified 
supply operated from the 50-c/s mains. The power supply is 
followed by a relatively simple voltage stabilizer giving an out- 
put stable within about +0:5%. This unit is desirable since it 
gives good stabilization against high-frequency disturbances, 
reduces ripple and prevents decoupling difficulties in the a.c. 
feedback amplifier described in Section 3.4. 

The reference resistor and battery are enclosed in gasket- 
sealed brass boxes immersed in a water bath, temperature- 
stabilized to within +0-05° C. A mercury-toluene thermostat, 
thyratron relay and heater element are used for temperature 
control. 


(5) CONTROL CIRCUITS 


The reference resistor is arranged to give 100 mA, variable 
over a range of approximately +5°%. Other stabilized currents 
in the range 50-100 mA can be obtained by altering the reference 
voltage or the main reference resistor by means of soldered 
connections. 

The main reference resistor is of 50 ohms, and is wound with 
manganin wire on a brass former which is sealed and immersed 
in the constant-temperature water bath kept at 26°C. To 
prevent the negative lead from forming part of this resistor, the 
lead is taken inside the resistor box directly to a potential 
terminal, as shown in Fig. 4. The positive connecting lead is 
made of thick copper to reduce changes in resistance arising 
from changes in room temperature. 

Fine control of the current is obtained by a modified Kelvin— 
Varley slide system,!7 the first stage being 10 steps of 0:5-ohm 
manganin-wire resistors connected in series with the main 
reference resistor. Two switch tapping-points, spaced two 
steps apart feed a stage of 10 steps of 2-ohm nichrome 
resistors. The last stage is a simple rotary variable potential- 
divider of total value 100 ohms. It is not found necessary to 
stabilize these control resistors by thermostat since they form a 
small part of the total, but they are screened from rapid tem- 
perature fluctuations. The second resistor section is made 
higher than the first to reduce the effect of the contact resistance 
of the first switch; =f) 

This arrangement gives a control of the current to within 1 
part in 10+, although the steps’are not accurately known. Small 
known changes in the output current are sometimes required 
and can be made by altering the reference voltage. For changes 
of +200 parts in 10°, a voltage of +1 mV is obtained by passing 
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a current of +100 wA through a resistor of 10 ohms. This 
resistor is connected in series with the reference battery, as 
shown in Fig. 4. 


102 


REFERENCE 
BAT TERY 


D.C. AMPLIFIER 


520 


ALTERNATIVE oA 
RESISTORS 


Fig. 4.—Current control circuit. 
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(6) TEST PROCEDURE AND RESULTS 
Typical test procedure and the results obtained are as follows: 


(a) With the main current supply off but amplifier supplies 
on and reference battery replaced by a short-circuit, the amplifier 
output is observed. Variations in this output indicate varying 
thermo-electric potentials in the reference circuit and amplifier 
input. The total variations are normally less than 5 wV, corre- 
sponding to about 1 part in 10°. 

(b) With the stabilizer in operation, the variation of voltage 
at the input of the contact-modulator amplifier, as indicated 
by its output voltmeter, is measured. The normal value is 
about 0:5 .V, which is equivalent to load-current variations of 
1 part in 107. As discussed in the companion paper describing 
the high-voltage stabilizer,! this indicates that the feedback 
circuit is operating satisfactorily with adequate loop gain, and 
that any residual variations greater than 1 part in 10’ must be 
due to variations in the reference resistor or battery. 

(c) A 10-ohm resistor is connected in series with the load, as 
shown in Fig. 4, and the voltage drop across it compared with 
that from a miniature Weston cell by a sensitive galvanometer. 
The resistor is of similar design to the reference resistor and has 
potential terminals. The resistor and cell are located in a 
constant-temperature bath, so that instability due to temperature 
changes should amount to less than 1 part in 10°. The galvano- 
meter deflection is recorded by a simple photocell-amplifier 
arrangement!® and pen recorder. The sensitivity of the indication 
is calibrated by altering the reference voltage as described in 
Section 5. If the checking resistor and cell are perfectly stable, 
this deflection indicates fluctuations in the output current. If 
not, the output current variation is smaller than that indicated. 
The ripple voltage across the load is monitored with a cathode- 
ray oscillograph. The impedance of the electron-microscope 
objective lens is 12 000 ohms at 50c/s, so that a ripple of | part in 
10° corresponds to 1-25 mV. 


load current. 
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The effects of input-voltage and load-resistance changes were 


_ Measured and found to be 0-04 part in 10° per 1% input-voltage 


change, and 0-3 part in 10° per 1% load-resistance change. 
These agree approximately with eqns. (2) and (3). The ripple 
voltage across the lens is 1-5 mV, i.e. 1-2 parts in 10° of the 
The stability of the load current for a constant 
load resistance, measured as described in paragraph (c), is 
shown in Fig. 5, a calibration voltage of 2 parts in 10° being 


0-8 


O-4 


ie) IS 30 4s 60 
MIN 


Fig. 5.—Typical chart record of output current stability. 


A calibration step of 2 parts in 10° was applied at X;0-2 on the chart corresponds to 
4 parts in 10°, 


introduced at X. It can be seen that the peak-to-peak fluctuation 
over one hour is about 4 parts in 10°. 
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DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE MEASUREMENTS SECTION, 
14TH DECEMBER, 1954 


Professor E. Bradshaw: Since constant magnetic field strength 
is the aim, and since this depends on factors other than exciting 
current, have the authors considered whether proton magnetic 
resonance could be used in the field to be controlled? Secondly, 
have they considered whether the electron-microscope beam 
itself could be used for the control of the microscope accelerating 
voltage, by periodic deflection of the beam over a monitoring slit? 

Mr. R. D. Watts: I shall refer first to the paper by Mr. Jervis. 

The author has considered the various types of amplifier which 
might be used for the feedback amplifier on his stabilizer, and 
has reduced the possibilities to two permissible alternatives—the 
d.c. chopper-amplifier and the galvanometer-amplifier. From 
my own experience of both, the galvanometer type is greatly to 
be preferred and I am rather surprised at the author’s choice of 
the alternative. 

The d.c. chopper-amplifier can have a very excellent short- 
term stability when carefully adjusted, but its stability depreciates 
very rapidly. JI attribute this to wear of the contacts and possibly 
to dust between them. An added disadvantage is the ripple 
produced by the chopper action, which cannot be overcome by 
the use of feedback alone. 


Mr. Jervis apparently discarded the galvanometer-amplifier 
on the grounds that it was fragile, sensitive to vibration and 
subject to damage by overload. If a dynamically balanced 
suspension is used, i.e. the mirror of the galvanometer is fixed 
at the centre of the coil which is itself symmetrically suspended, 
and if at the same time the suspension is immersed in a liquid of 
the same density as the coil system, the result is an instrument 
which has proved itself over very many years in this particular 
application. Such galvanometers have been in continuously 
satisfactory use under much more severe conditions of shock, 
vibration and tendency to overload than would be met in the 
stabilizer application described. They are, in fact, robust. 
If a galvanometer suspension fails it is no more difficult to 
replace it than it is to replace a valve in a d.c. chopper-amplifier. 
In order to monitor the stability of his apparatus the author uses 
a galvanometer-amplifier. If a galvanometer is suitable for this 
purpose, it is equally suitable as the indicator of the stabilizer. 

Concerning performance, it is stated that the figures given are 
for short-term stability. Because of my particular interest in pre- 
cision stabilizers having long-term stability, I should like to know 
whether figures are now available giving an indication of this. 
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What adjustments to the d.c. chopper-amplifier are necessary 
to maintain the performance, and what special precautions were 
taken to age the manganin coils and to minimize the temperature 
coefficient ? 

With regard to the paper by Mr. Haine and Mr. Jervis, it 
seems that there may be a demand for an electron-optical- 
controlled stabilizer if there are special virtues in this system. 
Are there any special advantages of this method which would 
make worth while the production of a special electron-optical 
tube of simpler construction than that designed by the authors, 
for precision stabilizer applications ? 

Mr. F. C. Widdis: I am surprised that Mr. Jervis uses a contact- 
modulated amplifier as the detector in his stabilizer, particularly 
since he is working under laboratory conditions. The contact- 
modulated amplifier is an elaborate and expensive device usually 
only applied to the detection and measurement of signals of the 
order of 0-14V and below, where, with careful contact design 
and maintenance, zero stabilities of the order of 0-01uV have 
been achieved over periods of some hours. In this region 
galvanometers suffer from severe limitation. However, in d.c. 
stabilizers of the type described the signal level is relatively 
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Messrs. M. E. Haine and M. W. Jervis (in reply): The use of 
proton resonance for stabilization of the magnetic field in the 
magnetic analyser was considered but rejected, owing to the low 
resolution obtainable at the low field strengths required. In the 
case of the objective lens, the field is also non-uniform. 

The possibility of stabilizing the microscope voltage supply by 
measuring the energy of its own beam was also considered. In 
theory, it would be possible to separate part of the beam and 
analyse this, but in practice there are so many critical problems 
associated with the electron microscope that any complication of 
its structure is not to be recommended. 

Mr. Watts and Mr. Widdis compare the galvanometer and 
contact-modulator-type amplifiers. When built with special 
liquid-immersed galvanometers and with adequate vibration- 
proof supports, some of the objections to the galvanometer 
amplifier disappear, and then there is probably little to choose 
between the two types. 

The zero drift of the contact-modulator amplifier is +0-25 uV 
over periods of one hour, and + lV over periods of a week. 
With the contact-modulator-coil excitation and contact spacing 
correctly adjusted, this performance can be maintained over 
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large and the d.c. galvanometer forms an attractive alternative 
to the contact-modulated amplifier. 

For some years now I have used taut-suspension galvanometers 
with photocell attachments on simple anti-vibration mountings 
in d.c. stabilizers. I have had no trouble with vibration and I 
cannot recollect breaking a suspension. The heavy feedback 
characteristic of these stabilizers seems greatly to reduce the 
effects of shock. I do not feel, therefore, that the author’s 
objection to the galvanometer-amplifier on the grounds of 
fragility and sensitivity to vibration is valid in this instance. The 
contact-modulated amplifier would, of course, be preferable if 
the apparatus were to be used in a moving vehicle. In the past, 
ripple has been the main difficulty encountered in this type of 
stabilizer, as this, owing to the limited frequency response, cannot 
be controlled by the stabilizing circuit. A variety of methods 
have been adopted to eliminate the ripple before it reaches the 
stabilizing circuit, but the parallel a.c. amplifier adopted by the 
author seems to be the best solution to this problem. Its 
introduction would be a valuable improvement in precision d.c. 
stabilizers which use standard cells as the reference source, and are 
intended to give accurately known voltages for testing purposes. 


THE ABOVE DISCUSSION 


periods of years; in fact, the commercially produced instrument 
used has not had its cover removed during two years of operation. 
No doubt difficulty would be encountered if a stability of 
+ 0-01pV were required, as suggested by Mr. Widdis, but, as 
mentioned in Section 3.3, this is not necessary and a stability of 
+ 1V corresponds to 1 part in5 x 10°, which is quite adequate. 
We see no reason why these amplifiers should be applied only 
in the region of 0:1V and below. A galvanometer amplifier 
was used as the stability monitor because it was easier to insulate 
from earth. Variable leakage from G to earth (Fig. 4) would 
cause fluctuations in the effective reference resistance. 

No long-term stability tests have been made on the complete 
stabilizer, short-term stability only being required. For this 
reason, no special steps were taken to age the manganin coils, 
but they were baked to relieve winding stresses. The tempera- 
ture coefficient of 5 parts in 10© per degree centigrade was given by 
the manufacturers, and this was confirmed by a rough experiment. 

There may be some other applications for the electron-optical 
type of stabilizer, particularly in the field of h.v. measurement. 
The simplifications possible are a fully-temperature-compen- 
sated permanent magnet and a sealed-off vacuum system. 
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SUMMARY 


The fading-free range of a medium-wave transmitting station is 
determined by interference between the ground wave and waves 
reflected from the ionosphere. In order to achieve as great a range as 
possible, it is common practice to reduce the strength of the reflected 
waves by using vertical aerials between 0:5 and 0:6 wavelengths high. 
The degree of success achieved is controlled by four factors: the current 
distribution on the aerial, the conductivity of the ground, the flatness 
of its surface, and the nature of reflection at the ionosphere. An 
experimental investigation into these has included measurements on 
small-scale models and on a mast-radiator now in service. 

In the absence of an exact derivation of the current distribution, a 
semi-empirical solution has been used in computing theoretical radia- 
tion patterns. These are in reasonably good agreement with the 
experimental results, both for perfectly-conducting and imperfectly- 
conducting ground. 

Unevenness of the surface of the ground was found to have a more 
serious effect than had generally been realized. A theoretical treat- 
ment of this problem has been verified experimentally in an idealized 
case, but further investigation is desirable. Another effect that has 
hitherto received insufficient attention is the diffuseness of fonospheric 
reflection. This may degrade the performance of an anti-fading aerial, 
particularly if an attempt is made to achieve a vertical radiation 
pattern with a sharp minimum. 


LIST OF SYMBOLS 


h = Height of aerial. 
H = Height of hill. 
Z, = Characteristic impedance of the aerial. 
o« = Radius of aerial, regarded as a cylinder. 
€ = Complex relative permittivity of the ground. 
6) = Angle to the vertical at which the field strength is a 


minimum. 

6, = Parameter describing the diffuseness of ionospheric 
reflection. 

A = Wavelength. 


(1) INTRODUCTION 

In view of the increasing congestion in the medium-wave band, 
it is becoming more and more important for broadcasting 
organizations to achieve the maximum coverage with each 
allocated wavelength. The potential service area may be limited 
either by interference or by selective fading. The former may be 
Overcome by using a sufficiently powerful transmitter (where 
permitted by international agreement), but selective fading, 
which results from the simultaneous reception of a wave propa- 
gated along the ground and waves reflected from the ionosphere, 
is not affected by increasing the transmitter power; this would 
merely increase the ground wave and the reflected waves in the 
same ratio. The only way of extending the service area is to 
reduce radiation towards the ionosphere by controlling the 
vertical radiation pattern (v.r.p.) of the aerial, i.e. the pattern 
displaying the radiated field strength as a function of the angle 
from the vertical. 
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The simplest anti-fading aerial is a vertical wire or mast 
energized at the base. The y.r.p. of such an aerial may be 
calculated readily if the following simplifying assumptions are 
made:! 

(a) The distribution of current along the aerial is a sinusoidal 
standing-wave pattern, corresponding to a velocity of propagation 
equal to that of light. 

(b) The site is flat and perfectly conducting. 

Assumption (a) is a reasonably good first approximation; it is 
equivalent to treating the aerial as one conductor of an open- 
circuited air-spaced transmission line. Assumption (6) is also 
approximately correct at medium wavelengths, since where 
possible transmitting stations are sited on flat ground of reasonably 
high conductivity. 

The calculated v.r.p.’s of vertical aerials of different heights, 
based on the above assumptions, are shown in Fig. 1; there is a 
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Fig. 1.—Vertical radiation patterns of vertical aerials, assuming per- 
fectly-conducting ground and a sinusoidal standing-wave current 
distribution. 


(a) h=0-25A. (6) h=0:50A. () h=0°55A. (d) h = 0-602. 
zero at an angle to the vertical depending on the height of the 
aerial, provided that this exceeds one half-wavelength. Fig. 2 
shows the field strength of the ground wave and of the reflected 
wave in terms of the distance from the transmitting aerial, as 
received by a loop aerial oriented for maximum ground-wave 
signal. The reflected-wave curves assume perfect reflection at a 
layer 110km high. Finite ground conductivity is taken into 
account only in the ground-wave curve; for this a typical value 
of 10-2 mho/m is assumed, and the wavelength is taken to be 
300m. As we shall see later, a reasonable definition for the 
limit of the service area is that distance for which the field strength 
of the ground wave is equal to that of the reflected wave (cal- 
culated by assuming perfect reflection at the ionosphere). On 
this basis, consideration of curves similar to those shown in 
Fig. 2 indicates that there is an optimum aerial height giving 
the largest service area.2 For the typical case considered, this 
optimum height is approximately 0-56A, and the corresponding 
radius of the service area is 190km—approximately twice the 
range achieved with a short aerial. This example is considered 
only to illustrate the principles; the idealized conditions assumed 
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Fig. 2.—Ground-wave and reflected-wave field-strength curves corre- 
sponding to vertical radiation patterns shown in Fig. 1. 


% : a ean Refiected-wave field strength assuming perfectly-conducting ground, 
(c) h = 0-55) perfectly-reflecting ionosphere and idealized aerial-current 
(d) h = 0-602 distribution. 


(e) Ground-wave field strength for a conductivity of 10-2mho/m and a wave- 
length of 300 m. 
do not apply in practice, and as a result the range is less than 
doubled by using an aerial of the optimum height. 

The choice of a. loop as receiving aerial in assessing the range 
calls for comment, since a vertical aerial would discriminate 
against downcoming radiation and so reduce the depth of fading. 
The reason is that listeners often use indoor aerials, which in 
respect of their sensitivity to reflected waves-are no better, and 
may be worse, than a loop. Furthermore, the v.r.p. of a vertical 
aerial may be degraded appreciably by ground irregularities near 
the receiving point (see Section 4.3). For these reasons the loop is 
suggested as the most suitable type of receiving aerial to assume 
when estimating service areas. 

The ground-wave field strength for a given power, and conse- 
quently the optimum height of the aerial, depends on the ground 
conductivity and the wavelength. The field strength of the 
ground wave at a given point is reduced if the conductivity is low 
or the wavelength short; the optimum height and the radius of 
the service area are correspondingly small. Conversely, if the 
conductivity is high or the wavelength long, the optimum height 
is greater and the radius of the service area is increased. 

Typical values of optimum aerial heights over the wavelength 
range 200-500m, for a ground conductivity of 10—-2mho/m, are 
0:52-0-57A. The corresponding service area radii are approxi- 
mately 80-180km, and 6) (the angle of zero radiation in the 
curves of Fig. 1) is between 20° and 40° to the vertical. 

The use of an aerial between 0°5A and 0-6A high is not the 
only way of increasing the radius of the service area compared 
with that obtained with a short transmitting aerial, but the other 
methods that have been proposed?-> either offer no advantage 
over a single high aerial or else involve great engineering difficulty. 
As a result, the only type of anti-fading aerial in practical use is a 
radiator between 0-5A and 0-6A high; combinations of two or 
more such aerials are sometimes used if a non-uniform horizontal 
radiation pattern is required. 

The practical realization of these aerials usually takes the form 
of a stayed lattice mast of constant cross-section, although self- 
supporting masts are sometimes used. The cost of such mast- 
radiators is considerable, and in practice the required physical 
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Fig. 3.—Methods of energizing vertical aerials. 
(d) Loop-fed aerial, 


(a) 


(c) 


(a) Aerial with capacitive top. 


(6), (c) Series-loaded aerials. 
(e) Doubly-fed aerial. 


height is reduced either by adding a capacitive top, as shown 
schematically in Fig. 3(a), or by breaking the mast with an 
insulator and loading with a series inductance as shown in 
Figs. 3(6) and 3(c), or by a combination of both methods. By 
changing the size of the capacitive top, or the value of the loading 
inductance, some control of the v.r.p. is obtained. This facility 
is useful, both in order to achieve the optimum performance and 
also to provide some flexibility of adjustment in the event of a 
change in the operating wavelength. 

In the arrangements shown in Figs. 3(a), 3(b) and 3(c) the mast 
is energized at the base; in this condition it will be termed a “base 
fed” mast. Another method,® shown in Fig. 3(d), is to break the 
mast by means of an insulator at a point near to the maximum 
of the sinusoidal current distribution (or current loop), and to 
energize it at this point through a transmission line within the 
lower part of the mast; this arrangement will be referred to as a 
“Joop fed’’ mast. The v.r.p. can be controlled by connecting an 
adjustable reactance between the base of the mast and earth; this 
is like the arrangement shown in Fig. 3(c) but with the loading 
point and the driving point interchanged. In yet another 
arrangement, shown in Fig. 3(e), the mast is energized at the 
break and at the base simultaneously ;* this will be referred to as 
“doubly fed.”’ Both the loop-fed and doubly-fed aerials have 
v.r.p.’s superior to that of the base-fed aerial. The way in which 
this improvement results from the different current distribution 
on the aerial is discussed in Section 2.1 for the loop-fed aerial, 
and in Section 3.1 for the doubly-fed aerial. 

If the current distribution on the aerial were known and the 
earth were spherical and perfectly-conducting, the v.r.p. could 
be predicted accurately. If in addition the ionosphere behaved 
at all times like a perfect reflector, the depth of fading could be 
calculated. Thus, if a given depth of fading were specified as 
tolerable, the limits of the service area would be known precisely. 

The ground-wave field strength can be measured quite 
accurately, but it is more difficult to calculate, or to measure with 
any degree of accuracy, the field strength of the reflected wave, 
which governs the fading. This is because the idealized con- 
ditions assumed do not obtain in practice, and the effects of 
deviations from them are difficult to predict. The purpose of the 
paper is to summarize present knowledge of the factors governing 
the field strength of the reflected wave, and to indicate in what 
directions further work appears desirable. The relevant factors, 
which are discussed in succeeding Sections, are 

(a) The distribution of current on the aerial. 
(b) The conductivity of the site, which may be modified locally by 
the presence of an earth system. 


(c) Site irregularities, i.e. departures from flatness. 
(d) The nature of ionospheric reflection. 


* Vertical aerials energized at two points have been proposed by Wilmotte.7 


“ 
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Finally, consideration is given to the performance of a mast- 
tadiator operating on a wavelength of 464m. Conclusions are 
drawn regarding the most suitable aerial and type of site for a 
medium-wave transmitting station. 


(2) THE RADIATION PATTERN OF A VERTICAL AERIAL 

' OVER FLAT PERFECTLY-CONDUCTING GROUND 

In this Section a vertical aerial radiating over flat and perfectly- 
conducting ground will be considered. If the distribution of 
current along the aerial were known the v.r.p. would be known 
precisely. But, in fact, there is no general rigorous solution for 
the distribution of the current, although many workers have 
investigated the problem, both theoretically and experimentally. 


(2.1) Previous Work on the Distribution of Current along the Aerial 


The only rigorous solution for the current distribution on a 
transmitting aerial is that obtained by Chu and Stratton® for an 
aerial in the form of a prolate spheroid, but this idealized shape 
is very different from that of a practical aerial. An alternative 
approach is to take a practical shape and to approximate the 
theoretical analysis; a number of different attempts have been 
made along these lines.2-!5 Other workers!*!8 have carried out 
current-distribution measurements, but give insufficient com- 
parisons with corresponding theoretical results. 

AU the theoretical treatments are in qualitative agreement on 
the manner in which the true current distribution differs from the 
sinusoidal distribution, but there is some doubt about the 
magnitude of the differences. 

The current may be regarded as being composed of the sum 
of a primary current (a sinusoidal standing-wave pattern with a 
velocity of propagation equal to that of light, as assumed in 
Section 1) and a correcting term which may be called the secondary 
current. The secondary current may be resolved into two com- 
ponents, one in phase and one in quadrature with the primary 
current. The primary current and the in-phase component of the 
secondary current may together be regarded as a modified 
primary current, i. a standing-wave pattern substantially 
sinusoidal in shape but corresponding to a velocity of propagation 
less than that of light; the ratio of this velocity of propagation 
to that of light will be termed the “‘velocity factor.’’ The velocity 
factor decreases, and the quadrature component of secondary 
current increases, as the ratio of aerial length to radius decreases. 

To a great extent an aerial behaves like a transmission line 
terminated in a small resistance (at the current loop). The 
higher the characteristic impedance, the more nearly does the 
current distribution correspond to a pure standing wave with a 
velocity of propagation equal to that of light. Although the 
characteristic impedance of an aerial cannot be defined exactly, 
it appears to be sufficiently well defined for practical purposes, 
provided that the aerial is not too thick. Of several formulae 
put forward, that given below seems in best accord with experi- 
mental results. It derives from an expression due to Howe!l9 
for the capacitance of a vertical cylindrical aerial over perfectly- 
conducting ground and is 


Zo = 60[log. (h/~) — 1] ohms 


where / is the length and « is the radius of the cylinder. 

The effect of the reduced velocity of propagation along the 
aerial can be corrected by a small change in the height, since any 
co-phased current distribution likely to be encountered in 
practice will result in a v.r.p. substantially of the type shown in 
Fig. 1. Solongas the velocity factor can be predicted or measured, 
therefore, the effect of thé in-phase component of the secondary 
current on the v.r.p. can be taken into account. 

_ Bohm (See Reference 15) called the quadrature component 


\ 
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of secondary current the “feed current,” since it is in phase with 
the driving voltage and therefore associated with the flow of 
power. The feed current is greatest near the driving point and 
tapers towards the top of the mast; its principal effect is to fill in 
the minimum between the main and minor lobes of the radiation 
pattern. This leads to a reduction in the service area and is 
particularly important when mast-radiators, rather than thin-wire 
transmitting aerials, are used. By breaking the mast with an 
insulator at the current loop, and energizing it at that point, the 
centre of gravity of the secondary current is elevated and its 
harmful effect on the v.r.p. is virtually eliminated. For this 
reason loop-fed mast-radiators are coming into more common use. 

In order to predict the y.r.p. of an aerial it is necessary to know 
both the velocity factor and the feed current as precisely as 
possible. The theoretical analyses mentioned above are in good 
agreement as regards the feed current, but are less so as regards 
the velocity factor; in any case they do not apply to the loop-fed 
mast. For these reasons, and also to provide a starting point for 
a more general investigation of the problems referred to in 
Section 1, the experiments described in the next Section were 
undertaken. Measurements were restricted to aerials of cylin- 
drical shape, no attempt being made to simulate lattice masts, 
since the current distribution is not greatly affected by the shape 
of the cross-section or by lattice construction. One result for a 
lattice mast is given in Section 6.2. 

In view of the doubt about the accuracy of the available 
theoretical solutions, the velocity factor for the comparison 
‘theoretical’? curves was chosen empirically to give the best fit 
with the measured result, the same velocity factor being used for 
all aerials having the same value of Zp). As regards the feed 
current, the theoretical value obtained by BOhm!> was used, for 
the simple reason that the result is in a form which is not too 
laborious to calculate. 


(2.2) Measured Radiation Patterns 


(2.2.1) Measuring Technique. 

The technique of using small-scale model aerials and carrying 
out tests at correspondingly higher frequencies has been em- 
ployed extensively in the past decade, and this method has been 
used for much of the work described in the paper. A frequency 
of approximately 400 Mc/s was chosen because the models were 
then small enough for convenient handling, but not so small as 
to cause difficulty in construction. 

It is immaterial whether the aerial under test is used for trans- 
mission or reception, the choice being decided by convenience. 
For the measurements described in this Section it was used for 
reception, and the fixed transmitting aerial was a pyramidal 
horn energized by a dipole connected to a 50-watt transmitter. 
The detector was a thermocouple. The directivity of the trans- 
mitting aerial was used to reduce reflection from neighbouring 
objects. In order to simulate the effect of perfectly-conducting 
ground a symmetrical dipole was used, with the two halves 
corresponding to the vertical aerial and its image in the ground. 
This dipole was mounted horizontally and rotated about a 
vertical axis. The transmitting and receiving aerials were 
separated by approximately 20 wavelengths, and mounted two 
wavelengths above ground, so that the direct and reflected waves 
were in phase. This arrangement ensured an adequate measuring 
sensitivity and also reduced errors caused by tilting of the 
reflected wavefront. The effect of the reflected waves on the 
measured y.r.p. was assessed theoretically and found to be 
negligible. The accuracy of measurement was considered to be 
within +2°% of the maximum field strength. 

Fig. 4 shows the dipole under test. It was supported on a 
quarter-wave short-circuited stub, which also ensured the balance 
to earth of the dipole irrespective of that of the thermocouple. 
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Fig. 4.—Dipole mounting for simulating measurements over perfectly- 
conducting ground. 


Radiation from the stub was found to influence the measured 
v.r.p. slightly, but this effect was eliminated by fitting an identical 
stub above the dipole, and connecting it in the reverse direction. 

The symmetry of the measured radiation pattern provided a 
sensitive test for unbalance between the two halves of the dipole, 
and for reflections from trees and other objects. The results 
shown are the average of the four quarters of the = 
pattern; the asymmetry in a typical case did not exceed 2% of the 
maximum field. 


A thin half-wave dipole was used as a standard to test the 
accuracy of measurement, and it was found that the measured 
radiation pattern agreed with the theoretical pattern to within 
1% of the maximum. 

Simple cylindrical aerials having characteristic impedances of 
150, 245, and 460 ohms were then tested (see Section 2.1). To 
obtain a characteristic impedance of 460 ohms it was necessary 
.to use a wire of 0-006in diameter, supported by a thin wooden 
frame; the other models were self-supporting tubes with open 
ends. Measurements on each dipole were made at frequencies 
such that the half-lengths were 0-50A, 0-55A, and 0-60A. 

The “theoretical” curves with which the measurements are com- 
pared are based on a modified primary current with an appro- 
priate velocity factor chosen to give the best fit with the measure- 
ments; the values used were 0-95 for Z) = 460 ohms, 0-92 for 
Zy = 245 ohms, and 0-86 for Z) = 150 ohms. The modified 
primary-current distribution therefore resembled in shape that 
for a mast of greater length with a velocity factor of unity. The 
feed current for the longer mast was calculated by Béhm’s!> 
method, and the length scale of both primary- and feed-current 
distributions was contracted in proportion to the velocity factor. 
The fields due to the modified primary current and the feed 
current were then calculated and added in quadrature. 

Theoretical and measured curves are compared in Fig. 5 for 
Zy = 245 ohms—a typical value for a mast-radiator. The field 
at the minimum tends to be less sharp in the case of the measured 
pattern, which suggests that the feed current given by Béhm’s 
theory is too small. Agreement was better for Z) = 460 ohms, 
and somewhat worse for Z) = 150 ohms. 

Fig. 6 shows measured v.r.p.’s of a 245-ohm series-loaded 
aerial 0-5 high for two values of the loading reactance. The 
minimum is sharper than in the case of a simple aerial having the 
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Fig. 5.—Theoretical and measured radiation patterns of base-fed a 
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Fig. 6.—Measured radiation patterns of a 0-5A series-loaded aerial 
over perfectly-conducting ground for two values of the loadi 
reactance; Z) = 245 ohms. 


(a) and (6) are for different loading reactances. 


a 


same angle of minimum radiation, and the difference increases 
with the loading reactance. This is to be expected, since the 


current, which is associated with the flow of power, 
be smaller. 

Fig. 7 shows measured v.r.p.’s of 4 245-ohm loop-fed aeria 
for a series of values of base reactance. If Figs. 6 and 7 a1 
compared, it will be seen that a considerable improvement in thi 
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Fig. 7.—Measured radiation patterns of a loop-fed aerial over perfectly- 
conducting ground with different values of base reactance X; 
Zo = 245 ohms. - 


(a) X = — 133 ohms. (6) X = — 375 ohms. (c) X= ~. (d) X = 575 ohms. 
(e) X = 269 ohms. 


sharpness of the minimum is achieved by loop feeding. Except in 
the immediate vicinity of the minimum, the curves shown in Fig. 7 
agree extremely well with theoretical results for a series-loaded 
mast carrying a co-phased sinusoidal current distribution with a 
velocity factor less than unity. It is possible that the results in 
the vicinity of the minimum are affected to some extent by 
limitations in the measuring accuracy. 

Summarizing, the measured y.r.p.’s in typical practical cases 
agree reasonably well with those calculated theoretically if the 
velocity of propagation is chosen to give the best fit with measure- 
ments. For a cylindrical aerial having a characteristic impedance 
of 245 ohms (a typical value), a velocity factor of 0-92 is appro- 
priate. The v.r.p. of a loop-fed aerial shows a considerably 
sharper minimum than that of the corresponding base-fed aerial. 


(3) THE RADIATION PATTERN OF A VERTICAL AERIAL OVER 
FLAT IMPERFECTLY-CONDUCTING GROUND 


(3.1) General 


The term “‘vertical radiation pattern” requires some qualifica- 

tion when the ground is not perfectly conducting, since the field 
strength is not a product of independent functions of the distance 
and the direction. If the contribution to the field at any point 
is regarded as having two components (one associated with the 
Space wave and one with the surface wave), the space-wave field 
strength is inversely proportional to the distance, whereas the 
surface wave is attenuated more rapidly. It follows that the 
resultant radiation pattern depends on the distance. The 
theoretical patterns compared with the measured results were 
therefore calculated for the particular distance used in the 
experiments. 
_ In the absence of an extensive earth system, the effect of the 
imperfectly-conducting ground on both the space and surface 
waves can be calculated by well-known methods and the v.r.p. 
derived. The measurements without extensive earth systems, 
described in Section 3.3, were therefore regarded as a means of 
checking the measuring technique. : 
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One of the authors? has described a method of calculating the 
effect of a local variation in the surface impedance of the ground, 
such as that due to an earth system. The compensation theorem 
for electrical networks is extended to an aerial system which 
includes a boundary surface exhibiting the property of surface 
impedance, and the change in the characteristics of the aerial 
system due to a small change in the surface impedance is expressed 
as a surface integral. Suppose, for instance, that the v.r.p. of 
an aerial over perfectly-conducting ground is known, and it is 
required to know it over imperfectly-conducting ground in the 
presence of an extensive earth system. The surface impedance 
has changed from zero to a small finite value at all points beyond 
the boundary of the earth system (regarding this for simplicity as 
equivalent to a continuous metal sheet). The change is found 
by evaluating the appropriate integral over this area. An 
application of this method indicated that practical earth systems, 
which do not generally exceed 0-5A in radius, have a negligible 
effect on the v.r.p. if the conductivity of the ground is at least 
10-*mho/m, but it was desirable to check this conclusion 
experimentally. 

The effect of imperfectly-conducting ground on the v.r.p. is to 
“fill in” the zero in the same way as does the feed current in the 
case of a base-fed mast. In either case the additional field 
component responsible is in phase-quadrature with the field on 
either side of the minimum. Unfortunately the phase-quadrature 
components associated with the feed current, and with imperfect 
conductivity, have the same sign and so reinforce one another. 
But it is still possible to obtain a sharp minimum by reversing the 
feed current; to do this energy must be made to flow downward 
on the mast rather than upwards. More than the total power to 
be radiated is injected at the loop, and the excess is recovered at 
the base. For example, calling the feed current associated with a 
base-fed mast unity, about —4 unit of feed current would be 
required to compensate for a finite conductivity of 10-*mho/m. 
For every kilowatt radiated, 14 kW would be supplied at the loop 
and 4kW would be drawn off at the base. For lower con- 
ductivities the magnitude of the reversed feed-current required 
would be greater. 


(3.2) Measuring Technique 


In order to obtain exact correspondence between the small- 
scale model and a full-scale aerial, it is necessary for the complex 
telative permittivity € to be the same at both frequencies. A 
typical value of conductivity for medium-wave transmitting sites 
in Great Britain is 10~*mho/m, and the corresponding value 
of € at 1 Mc/s is 20 —j180, in which the imaginary part is 
dominant. 

Brine offered a convenient substance for giving the required 
imaginary part of €, which could be controlled by adjusting the 
concentration of the salt; a value of € of 80 — 180 was obtained 
with a 3-5% solution. Some measurements were also made with 
a much weaker concentration (see Section 3.6). The difference 
between the theoretical radiation patterns for the required value 
of 20 — 7180, and that for the actual value of 80 — 7180 is 
small. Nevertheless, for comparison with the measured results 
the theoretical v.r.p.’s were calculated for € = 80 — /180. 

The characteristic impedance of all aerials was 245 ohms. 
The distance from the base of the aerial under test was made 
approximately 10A; in this case the surface wave makes a 
negligible contribution to the total field at angles to the vertical 
less than 70°. Excluding the range of angles between 70° and 
90° to the vertical, therefore, the measured patterns apply at all 
greater distances. 

Fig. 8 shows the general arrangement. A model of the aerial 
under test was placed at ground level and energized by a signal 
A receiving aerial, supported by a wooden frame 
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Fig. 8.—Equipment for measuring radiation patterns over imperfectly- 
conducting ground. 


consisting of two hollow plywood poles forming an inverted 
“Vv? was arranged to rotate around this aerial at a constant 
radius in the vertical plane. The frame straddled a concrete 
tank 50ft long, 17ft wide and 6in deep, filled with brine. The 
aerial under test was placed in the centre of the tank and con- 
nected to the signal generator by a submerged coaxial cable, 
with the receiving aerial connected to a receiver by a second 
cable. The tank was filled to the brim, and a broadside directional 
receiving aerial was used; these two precautions helped to 
minimize reflections from the sides of the tank. 

Reflection at the ends of the tank was found to cause errors 
only at angles within 20° of the horizontal, and separate measure- 

“ments were therefore made in this region. The transmitting 
aerial was placed near one end of the tank, and the receiving 
aerial was moved vertically at the centre. Reflection from one 
end still contributed to the received signal, but since it was small 
and nearly constant in amplitude and phase, the effect on the 
measured v.r.p. was negligible. Corrections were made for the 
increase in the distance between the aerials as the receiving aerial 
was raised, and for the inclination of the receiving aerial to the 
wavefront. 

The measuring procedure was to set the piston attenuator of 
the signal generator for a predetermined output from the 
receiver, so that it was unnecessary to know the law of the 
detector. The overall accuracy of measurement is believed to 
have been within +4°% of the maximum field. 


(3.3) Base-fed Aerials without extensive Earth Systems 


In order to allow comparison between experimental and 
theoretical v.r.p.’s, the first measurements were made in the 
absence of an extensive earth system. Some kind of ,earth 
connection to a grounded aerial is essential, but, provided that 
it is confined to the immediate vicinity of the base, it has little 
effect on the v.r.p. The current distribution upon which the 
theoretical v.r.p.’s were based was the same as that used to 
derive the theoretical radiation patterns shown in Fig. 5. In view 
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of the good agreement between the theoretical and measured 
results for perfectly-conducting ground, the measured results for 
imperfectly-conducting ground should agree correspondingly 
well with theoretical predictions. The measurements without 
extensive earth systems were therefore regarded as a means of 
checking the measuring technique. The theoretical curves were 
so normalized that, had the ground been a perfect conductor, the 
field at the surface would have been unity. The experimental 
v.r.p.’s for imperfectly-conducting ground were then scaled for 
the best fit to the theoretical curves. 

Radiation patterns were measured for aerial heights of 0-25A, 
0:50A, 0-55A, 0-60 respectively, with € = 80 —/180. A 


Relative field strength 


60 
Angle from vertical. deg 


Fig. 9. 
base-fed aerial; Zo = 245 ohms. 


Measured, imperfectly-conducting ground. 

Theoretical, imperfectly-conducting ground. 

Measured, perfectly-conducting ground. 

Points measured by the method shown in Fig. 8. 

Points measured by the method described in Section 3:22 


typical result, that for an aerial height of 0-55A, is shown in 
Fig. 9. Three v.r.p.’s are compared: 
(a) Measured over imperfectly-conducting ground. 


(b) Theoretical for imperfectly-conducting ground. 
(c) Measured over perfectly-conducting ground. 


The four v.r.p.’s measured over imperfectly-conducting ground 
are compared in Fig. 10. 


(3.4) Base-fed Aerials with extensive Earth Systems 


Measurements were made using earth systems consisting of 
perfectly-conducting circular metal sheets having radii up to 
one wavelength. These were level with the liquid surface. 

The effect of earth systems up to 0-5A in radius was small. 
When the radius was increased to 1-O0A there was a significant 
change in the v.r.p., but this was neither for the better nor for 
the worse, since a similar result could have been effected by a 
small reduction in the height of the aerial. It is of interest to 
note that one effect of imperfectly-conducting ground on the 
v.r.p. is equivalent to an increase in the height of the aerial 
Correspondingly, improving the conductivity in the vicinity 
the aerial by means of an earth system reduces the effective he: 

The effect of asymmetric earth systems was examined by usin; 
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Fig. 10.—Measured radiation patterns of base-fed aerials of various 
heights above imperfectly-conducting ground. Zp) = 245 ohms; 
conductivity = 10-2 mho/m. 

(a) h = 0-252. (b) h=0:502. (c) h= 0-552. (d) h = 0-602. 
a semicircular plate of radius 0:5. The field was observed 
near to the surface of the ground, while the earth system was 
rotated so as to obtain the horizontal radiation pattern. The 
vertical radiation pattern was then examined in the plane bisecting 
the semicircle. In neither case was the asymmetry of the earth 
system associated with a significant asymmetry in the field. 
These results on base-fed aerials are consistent with theoretical 
predictions based on the compensation-theorem method.2° The 
only important effect of the earth system is to decrease ground 
losses in the immediate vicinity of the aerial, thus increasing 
ground-wave and reflected-wave field strengths in the same ratio. 


(3.5) Loop-fed Aerials 


Measurements on loop-fed aerials were made by feeding 
energy to a break in a mast 0-5, high by a coaxial cable within 
the lower section. The outer conductor of this line also acted 
as the inner conductor of a short-circuited transmission-line 
stub, which provided a variable reactance between the base and 
sarth. By moving the short-circuit v.r.p.’s corresponding to a 
range of effective heights were obtained. The measured v.r.p.’s, 
which are shown in Fig. 11, confirmed expectations in showing 
only small differences from the corresponding curves in Fig. 7 
n the directions corresponding to the minor lobe and the 
ninimum. 

\ 


(3.6) Doubly-fed Aerials 


-A-0-5A aerial was fed at the base and the loop simultaneously 
n order to check that the predicted control of the v.r.p. could 
9¢ achieved. Power was abstracted at the base by.absorption in 
| thermistor in parallel with the variable reactance; the resistance 
yf the thermistor was controlled remotely by passing direct 
urrent through it. The resistance and reactance were adjusted 
Or as sharp a minimum as possible at approximately 40° to 
he vertical. Fig. 12 shows the resulting v.r.p., which is com- 
vared with the measured v.r.p. of a base-fed aerial of approxi- 
nately the same effective height, taken from Fig. 9. A con- 
iderable improvement is obtained by substituting loop feeding 
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Fig. 11.—Measured radiation patterns of a 0:5A loop-fed aerial over 
imperfectly-conducting ground with various values of base 
reactance. Zo = 245 ohms; conductivity = 1072 mho/m. 


(a)-(/) are for various base reactances. 
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Fig. 12.—Measured radiation patterns of a base-fed aerial, and of an 
aerial fed simultaneously at the base and the loop; Zp) = 245 ohms. 


———— 0-55A base-fed aerial. 
0-50A aerial fed simultaneously at the base and the loop. 


for base feeding. The additional improvement resulting from 
the use of combined base and loop feeding is much smaller. 

When the ground conductivity was reduced, the v.r.p. of a 
loop-fed aerial was degraded, and as expected the improvement 
resulting from double feeding was more marked. A zero in the 
v.t.p. could be obtained at any required angle to the vertical by 
appropriate adjustment of the reactance and resistance connected 
between the base of the aerial and earth. 
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The conclusions to be drawn from this series of measurements 
are that for ground conductivity of 10~2mho/m- the reflected- 
wave field strength is substantially the same as for perfectly- 
conducting ground and is not affected by earth systems of 
practicable size. The principal effect of the finite ground con- 
ductivity is to increase the fading by attenuation of the ground 
wave. The v.r.p. is improved by energizing at the loop, and a 
further small improvement can be obtained by energizing at the 
base and loop simultaneously. Double feeding would become 
more advantageous where the conductivity is appreciably lower 
than 10-2mho/m, but for the fact that sites of low conductivity 
are usually far from flat. In these cases the effect of irregularities 
may obscure the improvement resulting from double feeding. 


(4) SITE IRREGULARITIES 
(4.1) General 


So far only aerials radiating over flat uniform sites have been 
considered. In practice,sites are neither flat nor uniform, and it 
is important to know to what extent departures from the idealized 
conditions affect the radiation characteristics. 

In Section 3 it was shown that the v.r.p. of a vertical aerial is 
not appreciably affected by imperfectly-conducting ground if 
the conductivity is at least 10~*mho/m. Non-uniformity of 
the ground conductivity in different directions and at different 
ranges from the transmitter is therefore unlikely to be important 
in practical cases, in so far as the strength of the reflected wave is 
concerned. This is particularly true when, following the usual 
practice, transmitting aerials are built on sites of relatively 
high conductivity. 

The fact that the earth is not flat but approximately spherical 
will also have a negligible effect on the v.r.p. at appreciable angles 
to the horizontal. Irregularity of the ground in the neighbour- 
hood of the aerial is potentially much more important. For 
instance, an aerial mounted at the summit of a conical hill must 
behave, if the hill is sufficiently steep, like an aerial greater in 
height by the height of the hill, energized at a point corresponding 
to the summit of the hill. 

Metzler® has described the results of v.r.p. measurements 
using a field-strength recording set carried in an aircraft. Rapid 
variations in the field strength with vertical angle were ascribed 

‘to waves scattered from ground irregularities; Gerber?! also 
mentions this effect, but neither of these workers appear to have 
published a theoretical analysis of the problem; Gerber did, 
however, estimate the effect of re-radiation from forests. 
Although it is possible to postulate conditions in which extensive 
dense forests may affect the radiation pattern significantly, such 
conditions do not obtain in Great Britain. It is thought that, 
in this country, the only important site irregularity is the 
unevenness of the ground. 

The question is: to what extent and up to what distance from 
the aerial are typical ground irregularities important? This 
aspect of medium-wave aerial design appears so far to have 
received little attention. 

The approach outlined below was originally developed from 
an expression published previously [Reference (20), eqn. (4)]. 
In this paper the results will be justified by an alternative argu- 
ment, which seems to give a more satisfying physical picture of 
the effect under consideration. 


(4.2) Theoretical Considerations 


If the site is perfectly conducting, the effect of an irregularity 
such as the hill shown in Fig. 13(a@) may be regarded as an 
additional contribution to the field strength to be added to that 
due to the aerial on a flat site. The subsidiary radiator giving 
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Fig. 13.—Method of calculating the effect of site irregularities on os 
vertical radiation pattern. 


(a) Aerial on site with nearby hill. 

(6) Method of calculating y.r.p. of (a). 
(c) Aerial upon hill. 

(d) Method of calculating v.r.p. of (c). 


rise to this contribution is shown in Fig. 13(6); it is formed by the 
surface of the irregularity, carrying the same current as ir 
Fig. 13(a), together with its image in the ground. 

The difficulty is that the surface current in the presence of the 
irregularity cannot in general be calculated. Nevertheless, if the 
height of the irregularity is sufficiently small, a reasonable 
approximation to its effect may be obtained by assuming that 
the surface current is the same as for a flat site; the radiation 
from the subsidiary source can then be calculated. The errot 
resulting from this procedure will be a second-order smal 
quantity. This means that, if the vertical scale of the irregularity 
were reduced to zero in proportion to a scale factor x, the error 
in the scattered field would tend to zero like x?. 

If the aerials stand upon a hill, as in Fig. 13(c), it is more 
convenient to postulate the arrangement shown in Fig. 13(d) 
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Fig. 14.—Theoretical vertical radiation patterns of a 0:25, aerial on 
a plateau and on a conical hill; perfectly-conducting site. 
- Flat site. 


—-— -—W— Circular plateau, radius A, height 0-1. 
—— - — Conical hill, radius 4, height 0-12. 
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‘The principal contribution to the field strength is that due to the 
elevated aerial in the absence of the hill, together with its image 
in the ground plane. It is supposed that the place of the usual 
earth system is taken by a non-radiating counterpoise. The 
contribution from the surface of the hill is calculated in the same 
way as for the previous case. 

‘For irregularities exhibiting circular symmetry with respect to 
the transmitting aerial, the radiation is always plane-polarized 
and the calculations are straightforward. The analysis is sum- 
marized in the Appendix for two special cases: a 0:25 aerial 
on a circular plateau and on a conical hill. In each case the result 
involves an integral which must be evaluated numerically. The 
theoretical v.r.p.’s for these two cases, the radius being A and 
the height 0-1A in each case, are shown in Fig. 14; they illustrate 
the important effect such site irregularities may have. Of interest, 
too, is the marked difference between the effect of the abrupt 
irregularity represented by the plateau, and that of the gradual 
irregularity represented by the conical hill. 

In Fig. 15(@) the plateau is considered alone, for a range of 
heights. In order to facilitate comparison with experimental 
results a finite ground conductivity corresponding to a relative 
permittivity of 80 — j180 was taken into account when calculating 
the field radiated directly by the elevated aerial. [This modified 
the first term of eqn. (2) in the Appendix.] Finite conductivity 
was, however, ignored in calculating the field re-radiated by the 
plateau; thus the effects of the plateau and of the finite con- 
ductivity were assumed to be additive. This procedure should 
be valid for small heights and directions not too near to the 
horizontal. 

The effect of an irregularity on the v.r.p. of an anti-fading 

aerial may be calculated in a similar manner, but this case is 
more laborious to deal with because of the more complicated 
‘expression for the surface current; the surface current also 
depends on the method of feeding the aerial. Since an anti- 
fading aerial is designed to reduce radiation over a range of 
vertical angles, the effect of a given site irregularity on the v.r.p. 
will be more important than for a short aerial. 
_ For the more complicated practical cases of aerials erected on 
undulating ground it is necessary to carry out a double integra- 
‘tion numerically; the labour may be reduced by quantizing the 
irregularities. In general, the radiation is elliptically polarized. 
Some work has been done on these lines, but it is as yet too early 
to comment on the success of the method. Nevertheless, it is 
of interest to note that it seems necessary to consider the effect 
of irregularities at distances up to at least 5A from the aerial, 
i.e. over an area of at least 75A?. 


(4.3) Measured Vertical Radiation Patterns of Aerials upon Hills 


Measurements were carried out using the tank described in 
Section 3.2, but owing to its limited size it was not possible to 
make accurate measurements on the effect of irregularities 
extending more than about one wavelength from the aerial. 
Tests were restricted to surfaces which were symmetrical with 
Tespect to the aerial, namely circular plateaux and conical hills 
with flat tops. The models, which were made of brass, were 
immersed in brine having a value of € of 80 —/180; but the 
effect of the difference in conductivity between the plateau (or 
hill) and the flat part of the site is negligible compared with the 
effect of the irregularity itself. (This was known from the 
‘experiments with earth systems—see Section 3.4.) 

| Two values of plateau radius were used, namely 0:75A and A; 
the height was varied between 0 and 0-2A. The measured results, 
normalized for equal ground-wave field strength, are shown in 
Fig. 15(5) for an aerial 0-25\ high and in Figs. 16 and 17 for 
aerials 0-55A high. 
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Fig. 15.—Vertical radiation patterns of a 0-25A aerial on a circular 
plateau of radius A; conductivity of site = 10-2 mho/m. 
(a) Theoretical. (b) Measured. 


H=0. 
------- H = 0-02. 
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Corresponding measurements were made on a conical hill 
having a radius A, a slope 15°, and a flat top of radius 0-25. 
Because of the shape the lateral extent of the hill was necessarily 
changed when the height was changed. The results are shown 
in Figs. 18 and 19 for aerials 0-25A and 0-55A high respectively. 
For either aerial the effect of a conical hill, provided its height is 
not too great, is similar in effect to an increase in the height of 
the aerial. A hill may therefore have a beneficial effect on 
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Fig. 16.—Measured radiation patterns of a 0-55A aerial ona plateau Fig. 18.—Measured radiation patterns of a 0-25A aerial upon 
of radius A. conical hill. 
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Fig. 17.—Measured radiation patterns of a 0°55A aerial on a plateau Fig. 19.—Measured radiation patterns of a 0-55A aerial upon < 


of radius 0-75A. ay conical hill. 
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the v.r.p. of a short aerial; in any case, as predicted theoretically, 
a hill with sloping sides is less harmful in its effect than a plateau 
of the same height. 

Comparing the curves of Figs. 15(a) and 15(4), it is seen that the 
theoretical treatment leads to results of useful accuracy for 
plateaux up to 0°1A in height. For a height of 0-2A the theory 
leads to serious errors, particularly at angles of more than 30° 
to the vertical. A similar comparison between experimental 
and theoretical radiation patterns for plateaux of the same 
dimensions has been made for a 0-55A base-fed aerial. Because 
of the computation difficulties referred to above, further approxi- 
mations were necessary, but the degree of agreement between 
theory and experiment was similar to that shown in Fig. 15. 
The theoretical v.r.p. for a conical hill shown in Fig. 14 is not 
strictly comparable with any of the experimental results of 
Fig. 18, but it may be seen that there is at least qualitative 
agreement. 

The disagreement between theory and experiment for plateaux 
0:2A high is believed to be due mainly to the effect upon the 
surface current of the sharp discontinuity in height at the edge. 
(At 1 Mc/s this corresponds to a 200ft cliff.) If consideration 
were restricted to the gentler gradients that are encountered in 
the vicinity of practical sites, it is believed that the theory would 
be applicable to variations of height up to about 0:24. 

One important conclusion from the results is that site irregu- 
larities may affect not only the radiation pattern of the trans- 
mitting aerial, but also (from the reciprocity principle) that of 
the receiving aerial. For a short aerial on a plateau of radius A 
and at least 0-1A high, for instance, the response is substantially 
the same at all vertical angles which are important as far as fading 
is concerned, i.e. a short vertical aerial on the plateau has the 
same characteristics as a loop aerial on a flat site. This is one 
of the reasons why the loop is suggested in Section 1 as the 
standard receiving aerial for the estimation of service area. 

Further work on this problem appears worth while. There 
are two lines of attack meriting attention: an extension of the 
theoretical method described to an irregular site, and further 
measurements on small-scale models. Since irregularities up to 
several wavelengths from the aerial may affect the radiation 
pattern, such measurements should preferably be carried out at 
a frequency of the order of 10000 Mc/s in order to permit the 
ase of model sites of reasonable size. 


(5) DIFFUSE REFLECTION AT THE IONOSPHERE 


‘In Section 1 the limit of the service area was estimated by 
onsidering a single-hop path from a perfectly-reflecting layer, 
und then assuming that the permissible reflected-wave field 
strength at the receiving aerial was equal to that of the ground 
vave. This procedure is based on the following considerations. 
Aiken22 simulated fading by combining two identical amplitude- 
nodulated signals of different amplitudes, the weaker being 
jelayed in time. The distortion was most severe when the two 
arriers were in anti-phase; under this condition Aiken determined 
he maximum ratio of the amplitude of the weaker signal to that 
yf the stronger for no perceptible distortion. Provided that the 
ime-delay exceeded 200 microsec, as would always be the case 
n the service area of a medium-wave station, he found the 
naximum ratio to be 0-25. 
When considering the reflected-wave field strength it is 
ufficient to take account of single-hop reflection at the E-layer, 
s double-hop reflection and F-layer reflection are negligible in 
riew of the increased path length. The most important charac- 
eristic of the ionosphere determining the reflected-wave field 
trength is the reflection coefficient, which may be defined for 
his purpose as the ratio of the field strength of the vertically- 
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polarized component of the reflected wave to that which would 
exist if the layer were perfectly reflecting. From a study of 
the meagre published information, Ross?3 came to the con- 
clusion that the reflection coefficient at medium wavelengths is 
0-25 (presumably this is a median value). 

This means that, if the reflected-wave field strength is predicted 
to be equal to the ground-wave field strength, assuming perfect 
reflection, its ratio to the ground-wave field strength will be 0-25 
for 50% of the total time. Since distortion occurs mainly during 
the troughs of the fading, which will be assumed to occupy 20% 
of the fading cycle, it follows that just-perceptible distortion will 
occur for about 10% of the time. 

The quasi-maximum value of the reflection coefficient (i.e. the 
value exceeded for 5°% of the total time) is approximately three 
times the median value.24 Deep fading will therefore occur for 
about 5°% of the time. During the troughs of deep fading, i.e. for 
about 1% of the time, severe distortion will be experienced. 

Unfortunately, the ionosphere does not behave like a smooth 
reflecting surface. There are large-scale undulations observed 
as a varying tilt of the reflecting layer,?> which result in slow 
fading, and smaller irregularities which result in fading whose 
period is a few seconds. The practical implication is that the 
ionosphere acts as an imperfect mirror, reflecting diffusely, with 
slow changes in mean tilt of the reflecting surface. 

Information on the magnitude of these effects at medium 
wavelengths is meagre. That available suggests that large-scale 
irregularities correspond to layer tilts of only about +1°, which 
would have little effect on the effective radiation pattern of the 
aerial. The curvature associated with them causes a focusing 
effect, but this would be observed mainly as a variation in the 
apparent reflection coefficient. We need therefore concern 
ourselves only with the effect of small-scale irregularities. 

A short series of observations on small-scale irregularities has 
been carried out in the BBC Research Department. These 
were made on a frequency of 863 kc/s at a range of 340km; 
assuming a layer at a height of 110km, the mean angle to the 
vertical of the reflected waves was 58°: Two receiving aerials 
spaced in the direction of the transmitter were set up to receive 
only the ionospheric reflected-wave component, the ground- 
wave component being suppressed. The amplitude and the 
relative phase of the signals at the two receiving aerials were 
recorded. A model*® was assumed in which the received power 
density at an angle 0 to the mean angle of arrival was pro- 
portional to exp (— 07/262), In other words, the received 
energy was assumed to be distributed according to a Gaussian 
law, the parameter 0, being a measure of the degree of diffuse- 
ness. By examining the distribution of the relative amplitude 
and phase of the signal at the two aerials, a value for 0, was derived. 

Results were obtained on 18 consecutive evenings, and it 
cannot be assumed that conditions during this period were 
necessarily typical. Nevertheless it is worth recording that the 
results are not inconsistent with the assumed model, and that 
the value of 0, was found to be about 10°. A result of similar 
magnitude has been obtained at the Cavendish Laboratory* 
from experiments made at 692kc/s. It is, of course, desirable 
to conduct observations -for a longer period, over a range of 
frequencies and distances, and it is hoped to continue the 
investigation along these lines. 

Fig. 20 shows the effective v.r.p. of a 0°55A aerial, assuming 
diffuse reflection corresponding to 6, = 10°; it will be seen that 
the minimum is completely filled. If this occurs in practice, 
double feeding is of questionable value, since the main object 
of this is to achieve a sharp minimum. If, however, the con- 
ductivity is lower than 10-*mho/m, double feeding obviously 
becomes more advantageous (assuming that the low conductivity 


* Private communication from B. H. Briggs. 
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Fig. 20.—Theoretical vertical radiation patterns showing the effect of 
diffuse refiection at the ionosphere. 

Vertical radiation pattern of loop-fed mast for smooth layer. 

Effective vertical radiation pattern after diffuse reflection (6, = 10°). 


Apparent vertical radiation pattern as measured by experimental 
comparison with short aerial. 


is not accompanied by excessive departures from flatness). It is 
also clear that a small amount of scattering from the main lobe 
of radiation may be extremely important in determining the extent 
of the blurring, and in some cases this effect may make it advisable 
for the effective height of the aerial to be increased slightly. For 
this reason a study of the shape of the down-coming angular 
power spectrum, as well as its width, merits study. 

The v.r.p.’s of anti-fading aerials are sometimes deduced by 
comparing the reflected-wave field strength with that radiated 
from a short aerial, for which the theoretical y.r.p. is assumed 
(for example, see Section 6.3). On the basis of specular reflection 
. the apparent v.r.p. deduced in this way will not correspond either 
to the true v.r.p. (such as would be measured in an aircraft) nor 
to the effective v.r.p. which determines the service area. This is 
illustrated in Fig. 20, which shows that the apparent v.r.p., 
deduced in the manner described, corresponds most nearly to 
the effective v.r.p., differing appreciably from it only at angles 
to the vertical less than 6,, a range which is not very important. 


(6) MEASUREMENTS ON A MAST-RADIATOR USED FOR A 
BROADCASTING SERVICE 


(6.1) General 


This Section is concerned with the results obtained using a 
broadcasting aerial which was taken into service in 1951. 

The requirement was to achieve as large a service area as 
practicable using a 150-kW transmitter on a wavelength of 
464m; the transmitting equipment was to be located at the 
Daventry short-wave transmitting station, which was near the 
centre of the area to be covered. Since the large number of 
masts and aerials on the Daventry site would have affected the 
performance of a medium-wave anti-fading aerial adversely, a 
new site for the latter was selected, approximately 1 600m from 
the nearest boundary of the short-wave station. This site was 
as flat as could be found within a reasonable distance; the ground 
contours in the immediate vicinity are shown in Fig. 21. The 
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conductivity at the site and over the greater part of the area to b 
covered is relatively high, being approximately 10~*mho/m. 

It would seem impracticable, in view of the relatively lov 
frequency, to use an aerial substantially higher than 0°5A. A 
conventional type of mast-radiator was therefore designed, bu 
provision was made for double feeding. As a result of con 
sideration of diagrams similar to Fig. 2, the height of the mas 
was chosen to give a v.r.p. having a minimum at 41° to thi 
vertical, ie. equivalent to a radiator of height 0-57A having « 
velocity factor of unity; provision was made to obtain a rangs 
of angles of minimum radiation by adjustment of the bas 
reactance. 

The mast is of constant triangular cross-section with 9ft sides 
and of lattice construction. Its height is 732ft (0-48A) and it i 
broken by an insulator 470ft (0-31A) above ground level. Toy 
capacitance, provided by means of six radial arms, effectivel; 
increases the height by 56ft; this value was deduced from im 
pedance measurements before and after erection of the top 
Within the lower section of the mast is a transmission line witk 
a characteristic impedance of 100 ohms, the outer conducto: 
being bonded to the mast at intervals and the inner to the uppe: 
section of the mast at the break. Two aerial-coupling network 
are provided at the base of the mast; these are arranged for eithe 
double feeding or base feeding, as required. 


(6.2) Current-Distribution Measurements 


The current distribution on the mast was measured by mean: 
of a loop, which could be clipped to one of the vertical legs. Witl 
the mast break short-circuited, the velocity factor was found t 
be 0-89. This value may be compared with 0-92 deduced fron 
the measured v.r.p.’s of small-scale models with the same valu 
of Z, described in Section 2.2.2; since the models were cylin 
drical, it is possible that the 3% difference is associated with th 
lattice construction. This difference, although not large, make 
it worth while to check the position of the current minimum o1 
a mast experimentally if the v.r.p. is to be known as accuratel; 
as possible. The standing-wave ratio (s.w.r.) of the measure 
distribution is 0-27, which is in good agreement with the valu 
obtained by using BOhm’s!> method to compute the feed current 

By loop feeding it had been expected to achieve an s.w.r. 0 
about 0-02, but in fact it was found to be 0-09. This discrepancy 
is attributed to the fact that the lead-in from the inner conducto: 
of the mast transmission line was unscreened, so that a certait 
amount of base feeding was taking place. It presented nc 
difficulty in practice; a small amount of reversed base-feed wa: 
introduced to correct for the effect, and a zero s.w.r. thus obtained 
In this case, therefore, double feeding served the purpose o 
correcting imperfections in the loop-feeding circuits in a1 
inexpensive manner; it appears a worth-while facility to retair 
from this point of view alone. To avoid confusion the aeria 
will be referred to as being loop fed in this condition. 

By doubly feeding the mast, alternative current distribution: 
could be achieved corresponding to different values of negative 
feed-current (see Section 3.1). But in view of the results describec 
in Section 6.3 no experiments with negative feed current have ye 
been carried out. 


(6.3) Measured Vertical Radiation Pattern 


The v.r.p. was measured by transmitting short pulses of energy 
alternately from the mast-radiator and from a short aerial 
The ground waves from the two aerials were arranged to be 
equal, and the relative amplitudes of the pulses reflected from 
the ionosphere were measured at different distances from the 
transmitter. The v.r.p. of the short aerial was assumed to a 
form to theory for a flat site; the effective v.r.p. of the mas’ 
radiator could thus be deduced (with the limitation mentionec 
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in Section 5). Since the ground wave was always present, the 
delay of the echo could be measured, and the corresponding 
angle of incidence deduced. This comparison method has the 
advantage of being independent of the reflection coefficient at 
the ionosphere. The short aerial was erected at a distance of 
about 400m from the mast-radiator and care was taken to 
minimize the re-radiation from one aerial while the other was 
pulsed. 

_ All observations were carried out after midnight, when normal 
transmissions ceased. Only the strongest echo was observed; 
this was generally from the E layer, but sometimes from the 
F layer. Differential fading of the pulses received from the two 
aerials limited the accuracy of measurements; this diversity 
effect pointed to ionospheric roughness and drew attention to 
the importance of diffuse reflection. Under favourable con- 
ditions, i.e. reflected waves reasonably strong and differential 
fading not excessive, the accuracy of the results is estimated to 
be +30%. The results of measurements on the loop-fed mast 
in three different. directions from the transmitting aerial are 
shown in Figs. 22-24. Individual points are indicated, the field 
strength being normalized with respect to the ground wave for 
perfectly-conducting ground. There is a significant difference 
between the results and the predicted v.r.p. for a flat site. Par- 
ticularly is this the case on a bearing of 194° (Fig. 23), where 
there is a pronounced peak in the curve at an angle of about 28° 


0° 
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Fig. 21.—Site contours at Daventry within 6A radius. 


Contours are marked in feet, 


to the vertical. There can be little doubt that this effect is 
genuine, since consistent results were obtained on three different 
nights; these are indicated separately in Fig. 23. Measurements 
on the same bearing with the mast base-fed, shown in Fig. 25, 
also indicate unexpectedly high radiation at about 30° to the 
vertical. 

In view of these results it was decided to measure the relative 
reflected-wave field strength from the loop-fed mast over a range 
of horizontal directions, but at a fixed angle to the vertical which 
was maintained at 284 + 1°. The results of these measurements 
are shown in Fig. 26 together with the theoretical field strength 
for a flat site. Individual measurements are indicated, but some 
of the extreme values have been avoided in drawing the curve, 
although it is possible that even more extreme values may have 
been neglected owing to the limited number of measuring points. 

The relatively sharp maxima and minima in the v.r.p., and the 
difference in different directions from the transmitting aerial, 
suggest that site irregularities are influencing the performance to 
an important extent. As a result we would expect the reflected- 
wave field strength to be greater in some directions and smaller 
in others than the predicted value for a flat site; Fig. 26 shows 
this to be the case. The effect of the same site irregularities on 
the v.r.p. of the short aerial are not considered to be sufficiently 
serious to affect the deductions appreciably. 

There are differences of about 0:2A in ground level in the 
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Fig. 23.—Measured vertical radiation pattern of Daventry loop-fed Fig. 25.—Measured vertical radiation pattern of Daventry base-fed 
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Be. 26.—Daventry loop-fed mast-radiator; reflected-wave field strength 
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vicinity of the Daventry site (see Fig. 21). Now it does not seem 
‘unreasonable to require the deviations of relative field strength 
from the theoretical value for a flat site to be not more than 
/one-quarter of those shown in Fig. 26. This suggests as a 
definition of a “flat” site for an anti-fading aerial one for which 
\the differences in ground level do not exceed 0:05A. The total 
/area to be considered in this way is believed to be at least 5A in 
‘radius. The effect of uneven ground will of course depend on 
the extent and abruptness of the irregularities, so that this 
| definition should be regarded as a very rough yardstick. 

I Prior to the v.r.p. measurements described above, some 
‘recordings were made of service transmissions at a distance of 
/175km from Daventry, on a bearing of 194°. This distance was 
. 
| 


Selected as representing the fringe of the expected service area; 
‘the ground-wave field strength was 3mV/m. The mast was 
loop-fed and base-fed on alternate days, and the field strength 
‘recorded during service transmissions over a period of 5 weeks 
(April 1-May 6, 1952) between 1800 B.S.T. and midnight. 
‘Simultaneous recordings were made using a vertical receiving 
aerial anda loop oriented for maximum signal; the reflected-wave 
‘component was deduced from the variation of field strength 
from the daytime value. Assuming specular reflection at the 
ionosphere, the angle of arrival could be calculated from the 
fTatio of the reflected waves at the two receiving aerials. 

The peak reflected wave during each hour was selected for 
analysis, the peak value being the most important from the 
point of view of a broadcasting service. Approximately 200 
Tesults were obtained during the recording period; the average 
of those obtained after 2000 G.M.T. (i.e. 75% of the total 
number) corresponded to a reflection coefficient of approximately 
0-5. The ratio of the reflected wave for the loop-fed condition to 
‘that of the base-fed condition was 0-85, whereas the theoretical 
value for a flat imperfectly-conducting site (conductivity 
i 10-?mho/m) and smooth ionosphere is 0-4. 

, The angle of arrival for the strong bursts of reflected wave 
Epetased 38° for the loop-fed condition and 42° for the base-fed 
condition. Although these results may be in error by a few 
degrees, the difference of 4° is considered significant. Individual 
readings fluctuated about the mean to about the same extent, 
+5° on the average. This effect, together with the different 
measured angle of arrival for the loop-fed and base-fed con- 
ditions, suggests diffuse ionospheric reflection. On the other 
hand, the shift of the main lobe of the vertical radiation pattern 
to the left, shown in Fig. 20 and associated with,diffuse iono- 
spheric reflection, is not revealed in Figs. 22-25. In view of the 
relatively few results available it is not possible to say whether 
this discrepancy is significant, but it seems probable that both 
transmitting-site irregularities and diffuse reflection at the 
ionosphere were influencing the petformance of the loop-fed 
mast, with site irregularities predominating. It follows that, in 
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this case, double feeding is unlikely materially to improve fading 
conditions at the fringe of the service area. 


(7) CONCLUSIONS 


The most common type of medium-wave anti-fading aerial in 
use at the present time is a mast-radiator of constant cross- 
section, between 0:5 and 0-6A high. If such an aerial were 
erected on a flat uniform site, and if the ionosphere behaved like 
a smooth reflecting surface, a substantially larger service area 
would result from loop feeding, as opposed to base feeding. 
A further improvement would be effected by double feeding, 
i.e. injecting power at the loop and drawing off part at the 
base, but this improvement would be small at sites of high con- 
ductivity. The lower the ground conductivity, the greater is 
the increase in range achieved by double feeding compared with 
loop feeding. 

Earth systems of the usual size do not affect the v.r.p. appre- 
ciably; their main effect is to increase the efficiency by reducing 
ground losses. Under the assumed conditions the fading-free 
range of a mast-radiator could be predicted with reasonable 
accuracy. Conditions at the receiving site, such as the type of 
aerial and ground irregularities, may affect the extent of the 
fading but not the choice of transmitting aerial to give the opti- 
mum service area. 

Two effects may degrade the performance of a mast-radiator: 
one is diffuse reflection at the ionosphere, which is equivalent to 
a blurring of the v.r.p.; the other is irregularity of the ground at 
the transmitting site, which causes a permanent distortion of the 
v.r.p. On the average an increase in the depth of fading will 
result, but in certain directions ground irregularity may cause a 
reduction in the fading. It follows that the site chosen for a 
transmitting aerial should be as flat and uniform as possible; 
the height of the undulations should preferably not exceed 0:05A 
up to a range of at least 5A from the transmitting aerial. 

Both diffuse reflection and ground irregularity reduce the 
effectiveness of special methods of energizing the mast, such as 
loop feeding and double feeding. It is, in fact, doubtful whether 
double feeding is ever worth-while in a practical case (except 
in so far as base feeding is used to correct for deficiencies of the 
circuits used for loop feeding) unless the ground conductivity is 
appreciably less than 10~2mho/m. 

The degree of diffuseness of ionospheric reflection and the 
effect of ground irregularities at the transmitting site are two 
aspects of medium-wave anti-fading aerial design which merit 
further investigation. 
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(10) APPENDIX 


(10.1) The Vertical Radiation Pattern of a Quarter-Wave Vertical 
Aerial on a Circularly-Symmetrical Hill 
(10.1.1) Symbols (see Fig. 27). 
All lengths are expressed in radians (27 radians = 1 wave- 
length). The loop current in the aerial, which provides the phase 
reference, is unity. 


(p, b, z) = Cylindrical polar co-ordinates of a point on the 
surface of the hill. 
Po = Radius of the hill. 
H = Height of the hill. 
= (fn? + p?). 
ro = V (hr? + 9). 
A = Constant depending on the distance. 
E(@) = The electric field strength at some great distance at an 
angle @ to the vertical. 
I(p) = Total surface current at a radial distance p (positive 
when directed inwards). 
Jo, J; = Bessel functions of the first kind. 


~ 


Fig. 27.—Vertical aerial on a circularly-symmetrical hill. 


(10.1.2) The General Case. 

The ground, including the surface of the hill, is assumed to be 
perfectly conducting. The first step is to determine the field 
strength due to radiation from the aerial above a perfectly- 
conducting ground-plane in the absence of the hill. For this 
purpose the base of the aerial is assumed to be elevated to the 
height of the hill, and the place of the earth connection to be 
taken by a small non-radiating counterpoise. To the field of 
the aerial will be added the field due to the current flowing in 
the surface of the hill, together with its image in the ground plane. 
The field of the surface current will be obtained as the sum of 
contributions from elementary annuli, and the contribution from 
each annulus will be resolved into parts associated with the 
horizontal and vertical components of the current. 

At a great distance the field strength due to a vertical quarter- 
wave aerial with its base elevated to a height H above ground is 
equal to 


Af{cos [(H + 47) cos 6] + cos @ sin (H cos 6) cosec 


The total surface current is assumed to be the same as for a 
grounded aerial on a flat site. Thus2® 


I(p) = je* 


The field strength due to the vertical component of surface 
current in an annulus (p, p + dp) together with its image, is 


— jae o(p sin 8) cos (z cos 8) sin Odp 
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The field strength due to the horizontal component of the surface 
current, together with its image, is 


— jAe~*'J,(p sin @) sin (z cos 6) cos Odp 


Summing the contributions to E(@) from the aerial and all the 
elementary annuli, the result is 


E(@) = Afcos [(H + 47) cos 6] + cos 6 sin (H cos 6)\ cosec 0 
20 dz 
—jA | Ea sin @) cos (z cos @) sin 6 
0 
+ J,(p sin @) sin (z cos @) cos 8 |e-ap . @~ 


(10.1.3) A Circular Plateau. 

The first term of the integral is zero, except at the boundary, 
where z is discontinuous and there is a finite contribution to the 
integral. The result is 
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E(@) = Afcos [(H + 477) cos 6] + cos @ sin (H cos 6) cosec 0 
+ jA sin (H ces @) tan 8 Jo(pp sin )e— ro 


a) 
— jA sin (H cos 9) cos a] J,(p sin Aerdp 2 . (2) 
0 


(10.1.4) A Conical Hill. 


z decreases linearly with p, and dz/dp is constant. 
result is 


The 


E(6) = A{cos [(H + 47) cos 6] + cos @ sin (H cos py cosec 8 


e0 
+ jal {2 so(p sin @) cos po cos | sin 0 
) Po 


Po 


—J,(p sin 8) sin ae cos 0] cos Oho . (3) 
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DISCUSSION BEFORE THE RADIO SECTION, 1ST DECEMBER, 1954 


Mr. G. Millington: The authors have referred to the pioneer 
work of van der Pol on the subject of aerial polar diagrams and 
radiation resistance, and it is remarkable that we have had to 
wait nearly 40 years for a paper of the scope of the present one. 
I have always been impressed by the fact that the van der Pol 
treatment contains a paradox, namely that the energy flowing 
through a large surface surrounding the aerial is calculated for a 
reactive current distribution on the aerial. 

As Bohm showed later, this difficulty can be resolved by 
adding the feed-current distribution to satisfy the field conditions 
in the neighbourhood of the aerial without modifying greatly 
the distant field. It is a striking fact that, if the radiation 
resistance is calculated from the power absorbed from the source 
at the aerial terminals by the combined sinusoidal and feed- 
current distributions, it has precisely the same value as that 
given by van der Pol. 

Where the van der Pol method is inadequate is in describing 
the minima of the vertical polar diagram, and the blunting of 
these minima by the addition of the feed-current distribution is 
all-important in the consideration of the anti-fading properties 
of aerials. The complete theory taking into account the imper- 
fect conductivity and the surface irregularities of the earth is 
prohibitively difficult, and we are indebted to the authors for 
an approximate treatment and for the practical investigation by 
the model technique. 

In Section 3.1 it is stated that the radiation pattern depends 
on the distance, whereas the results show that it is modified in 
only a minor way from the pattern with a perfectly conducting 
earth. I should have thought that the energy which goes up to 
the ionosphere is mainly reflected from the earth fairly near the 
transmitter, and that the modification to the diagram can be 
largely accounted for by using the Fresnel reflection coefficient, 
which is a function of the angle of incidence at the ground, 
there no longer being a perfect image transmitter. 

The ionosphere, which is so often the essential factor in 
propagation, is in the present case the cause of the trouble by 
producing an interfering wave and hence selective fading. Inci- 
dentally, the reference to this fading in the Introduction implies 
at first sight that it is not an interference effect, whereas the 
distinction that is being made is between interference from other 
transmitters and interference from one’s own transmitter by an 
unwanted propagation path. 

In Section 2.2.1 the reader might think that the fact that the 
direct and ground reflected waves are in phase is the outcome 


of the receiver being two wavelengths above the ground. I 
presume that the height of the receiver for the required phase 
relationship happened to be two wavelengths, but would have 
to be adjusted if the other parameters were altered. 

At the beginning of the paper there is a reference to the use 
of a loop aerial for reception as being most representative of the 
average type of aerial used by the listener. As the authors have 
mentioned, the problem is reciprocal and applies equally to the 
design of the receiving aerial. The protection against fading 
would be doubled, in decibels, if anti-fading aerials were used at 
each end. I think that it is noble of the B.B.C. to do so much 
at their end when we do so little to co-operate with them at 
ours. 

In conclusion, I should like to ask, now that all this work 
has been done, what its practical impact has been. Have the 
B.B.C. received many letters from satisfied listeners who now 
get improved reception? I do not ask this in order to detract 
from the importance of this work, because we shall all agree 
that in this paper we have for the first time a wealth of funda- 
mental results that will provide the answers to many future 
queries. 

Mr. P. P. Eckersley: I should like to refer to an early paper 
by myself, T. L. Eckersley, and H. L. Kirke,* not so much to 
add to the knowledge revealed in the paper under discussion, 
but because I feel that some account of the pioneering work 
done in those days would be of interest. This paper reveals 
that our intention was essentially to increase the power efficiency 
of a broadcasting system. It was appreciated that the more 
power which could be put into the ground ray, the greater would 
be the extent of the service area. Not much attention was paid 
to the vertical radiation pattern, although the point seems to 
have been appreciated by implication. The value of the present 
paper is to consider the vertical radiation pattern in detail and 
to combine the effects of the ground ray with it. 

The previous work of Ballantine had shown that—theoretically, 
at any rate—the half-wave aerial was bound to be better than 
those commonly in use at the time. The practical work described 
in our paper involved experimental tests to see how far theory 
could be confirmed by practice. To this end an aerial was 
supported by a kite balloon, thereby enabling us to test any 
number of ratios of aerial height to wavelength. 

The experiments, which were conducted about 1927, proved 


* EckersLey, P. P., EcKersLEy, T. L., and Kirke, H. L.: “The Design of Trans- 
mitting Aerials for Broadcasting Stations,” Journal I.E.E., 1929 67, p. 507. 


296 


without a peradventure, that the half-wave aerial had enormous 
advantages. The mechanical difficulties of maintaining the 
aerial structure sufficiently rigidly during bad weather shortened 
the period of tests to the extent that not a great deal of detailed 
knowledge could be gained from them, but the generalization 
that the half-wave aerial had virtue was certainly established. 

In performing these experiments we naturally encountered 
the problem of how best to feed power into the aerial, and most 
of the circuits shown in the present paper were either used or 
adumbrated. 

Some attempts were made to use Franklin’s method to stack 
one half-wave aerial on top of another by the insertion of the 
wrapped artificial aerial at the join of the two open half-wave 
aerials. For one reason or another the scheme did not work, 
and as a result, the idea of feeding power into the middle of the 
aerial was conceived. Largely because of adverse weather 
conditions, we were unable to make any practical tests. 

As to fading, thanks to the co-operation of many amateurs, 
considerable evidence showed that the half-wave aerial held 
the superiority, not only with respect to increasing the ground 
wave, but also in diminishing that type of fading due to inter- 
ference between the sky wave and the ground wave. 

The authors of the present paper plot Figs. 1 and 2 in terms of 
H = 0-55A, whereas they prove later on that 0°56A is nearer 
the optimum. Would it not have been more dramatic to have 
plotted Fig. 2 in terms of H = 056A so as to underline this 
interesting concept of an optimum? 

Towards the end of Section 1 the authors state that “the 
ground-wave field strength can be measured quite accurately...” 
The authors might have qualified this statement in the sense that 
field strength varies vastly within a very small area. As an 
illustration of this I can categorically state that a friend of mine 
living at the top of a tall building gets the Third Programme 
clearly, while I, living in a semi-basement, am denied it. If 
anyone should point out the obvious solution of a roof aerial 
and a down lead I would cite other difficulties not of a technical 
nature. 

Mr. J. K. S. Jowett: The authors include some theoretical 
and measured assessments of the effects of siting the mast on a 
conical hill and on a circular plateau. They do not treat the 
additional case when there is a line of hills or a bump in the 
-contour at points fairly near to the mast itself. Perhaps this 
situation does not lend itself to ready analysis, but I should be 
interested to know whether the authors can give some rough 
quantitative idea of the likely effects. 

I can well imagine that many hours have been spent in trying 
to relate the ground contours shown in Fig. 21 to the measured 
results round Daventry. No reference is made in the paper to 
the authors’ conclusions about the way in which these particular 
ground contours may have influenced the results, but it would 
be interesting to know whether the authors reached any con- 
clusions concerning this problem. 

Mr. Millington suggests that the ionosphere is the villain of 
the piece, and I do not question that as a general statement. 
On the other hand, were it not for the roughness of the ionosphere, 
perhaps the results shown in Fig. 26 would have been even 
more variable than they are. If one studies this Figure, it 
appears that, on the whole, large changes in field strength do 
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not generally occur for bearing changes of less than 5° or 10°, 
Would the authors attribute this to the effects caused by a| 
roughly reflecting ionosphere in blurring over some of the field-| 
strength variations caused by the irregular ground? | 

I should like to say something, too, about the possible appli-| 
cation of the evidence given in the paper to the synchronized 
operation of medium-wave transmissions. Clearly in the case 
of high-power broadcast transmitters, where a single channel 
is shared only by stations normally operating at spacings of at 
least several hundred miles, the interfering radiation from one 
station to the other is that which is transmitted at a low angle 
to the ground, and it seems that none of the arrangements 
discussed in the paper can materially alter this interfering 
radiation without also altering the service range of the station 
itself. But there are many cases of synchronized operation 
where networks are working with a common programme at 
close spacings. In this case, the radiation that causes interference 
is that transmitted at a considerably higher angle to the ground 
—something between 30° and 60° to the vertical. It appears 
from some of the measurements given in Figs. 18 and 19 that 
one could materially reduce the interfering radiation if the site 
chosen resembled the conical hill discussed in the paper. Do the 
authors think that this is a point which can, or should, be taken’ 
into account in the siting of medium-wave stations which are 
working in a synchronized network? 

Mr. W. R. Piggott: In this classical paper the authors succeed 
in computing the properties of medium-wave aerials to a sur- 
prisingly high accuracy. It is therefore worth considering 
whether the rather limited published data on the reflecting 
properties of the ionosphere for these frequencies at night cannot 
be extended and put into forms applicable to this problem. 

Pulse measurements at vertical and oblique incidence indicate 
that the main complexities can be readily resolved. At vertical 
incidence the absorption variation with frequency is dominated | 
by the deviative absorption band near the critical frequency of 
the E-layer, which moves through the m.f. band during the 
evening and night. As soon as the propagation becomes oblique 
this anomalous absorption is confined to the F-reflection and 
the absorption for the E-refiection is mainly non-deviative, 
falling reasonably smoothly as the frequency and time after 
sunset increase. Thus in the fading zone the F-reflection is 
more absorbed than the E-reflection, as well as having a longer 
path, and the anti-fading problem is determined by the charac- | 
teristics of the E-reflections. While the authors have given an 
excellent average value for the reflection coefficient of an. 
E-reflection at night, it is clear that it will be too high on the 
lower frequencies and too low on the higher, and should increase 
regularly with time until the E-layer becomes partially reflecting. 

The economic value of an anti-fading aerial depends partly 
on the periods for which it will prevent serious fading, and this 
may be estimated from the incidence of strong E-layer reflections. 
Although further work is desirable, we can say with fair certainty 
that in England this incidence varies, on the average, simply and 
regularly with time after sunset and season, but is little affected 
by changes in solar cycle. Thus a comparatively limited series 
of observations should be adequate to enable estimates of the 
relative value of anti-fading systems at different frequencies to 
be made. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Messrs. H. Page and G. D. Monteath (in reply): Mr. Millington 
refers to the notable contribution made by Béhm in calculating 
the feed current. In this calculation the primary current dis- 
tribution, which is sinusoidal, is initially supposed to be main- 


tained by an infinite number of elementary series: generators, 
which supply the radiated power; the aerial is then assumed to 
behave as a dissipationless transmission line, carrying power 
from the base to the elementary generators. Clearly, on “ 
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assumption the power flowing at the base must exactly equal the 


_ fadiated power. Bohm’s treatment therefore obtains the power 
_ radiated by the primary-current distribution exactly, even though 


- greater than 70°. 


the calculation of the feed current is approximate. 

It is true that the reflected-wave field strength can be calculated 
by using the Fresnel reflection coefficient. Nevertheless, at the 
short range used in our experiments with models, the surface wave 
contributed appreciably to the field at angles to the vertical 
We took the surface wave into account only 


in order to normalize the measurements for comparison with the 
- theoretical curves. 


We agree that interference (in the sense used in the paper) and 
fading both spring from the same cause. We tried to use 
commonly accepted terms, and at the same time to distinguish 
between a form of interference which can be reduced by in- 
creasing the transmitter power and one which cannot be reduced 
by this means. 

We agree with Mr. Millington’s comment on Section 2.2.1. 

The investigation described in the paper was undertaken 

_ because the performance of some of the B.B.C. anti-fading aerials 


' was not so good as had been predicted; the diagnosis has there- 


fore come too late to effect a cure in many cases. The per- 
formance of the mast radiator at Daventry is better than if this 
work had not been undertaken. Another result has been the 
conversion of the Brookmans Park mast radiator to loop 
feeding. The main result, however, has been of a negative 
character, in helping us to decide what not to do. We feel, for 
‘instance, that further refinements of aerial design with the object 
of improving the vertical radiation pattern may not be worth 
while, because of the limitation mentioned in the paper; we now 
have the information available for deciding each case on its 
merits. It has not been possible to assess the reduction in fading 


' from listeners’ letters, since at Daventry the introduction of the 


new aerial was accompanied by a considerable increase in power, 
while the service area of the Brookmans Park aerial is restricted 
_to some extent by foreign interference. 

We are glad to have this opportunity to pay tribute to the 
important contributions made by Mr. Eckersley and his col- 
leagues to our knowledge of broadcasting aerials. The paper he 
‘mentions describes the first experimental confirmation of 
Ballantine’s theoretical work. Mr. Eckersley’s own strong 
support in the early days of broadcasting for high aerials as a 
means of increasing the service area has been fully justified. 
Our paper is directed towards filling in some of the details, and 
explaining the failure to realize some of the earlier expectations 
of improved performance. In this connection it may be of 
interest to mention that the lack of agreement between theoretical 
predictions and measurements was the subject of comment at the 
discussion on Mr. Eckersley’s paper. We consider that the 
theoretical calculations shown in his Fig. 7 present too rosy a 
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picture of the performance of a high aerial, even under idealized 
conditions. 

It might have appeared more logical to have plotted Fig. 2 
for h = 0:56A, the optimum height, but we were reluctant to 
suggest that the optimum is so clearly defined as to be known 
to within 0-01A. It must be remembered that our definition of 
the optimum height is somewhat arbitrary. 

We agree that the ground-wave field strength may vary con- 
siderably from point to point within a small area. We were 
stressing the fact that, whereas the ground wave at a given point 
could always be measured, for instance during the daytime, it 
is much more difficult to determine the field strength of the 
reflected wave, which is a very variable quantity. 

In reply to Mr. Jowett, our method of analysis is readily 
applicable to simple irregularities, such as a long ridge or valley, 
in the vicinity of the mast. Space does not permit any outline 
of the results, which tends to confirm our tentative definition of a 
“flat” site, given in Section 6.3 of the paper. We have attempted, 
by ruthless approximation, to calculate a curve corresponding 
to Fig. 26 from the ground contours shown in Fig. 21. Results 
so far obtained agree with Fig. 26 in respect of the mean field 
and its range of variation, but the point-by-point correlation 
between theory and experiment is nil. Mr. Jowett is probably 
correct in supposing that the curve shown in Fig. 26 has been 
smoothed by diffuse reflection. 

We agree that, using a single high mast, it is not possible to 
reduce interference with a common-channel station several 
hundred miles away without also altering the service range of 
the station. It would be possible to go some way towards 
achieving this aim, at least in a limited number of directions, by 
using a number of aerials spaced horizontally; but we feel that 
the improvement would be limited by the effect of ground 
irregularity and possibly by diffuse ionospheric reflection. 

In this country the high-power synchronized stations and the 
regional stations share the same site, the regional transmission 
usually employing an anti-fading mast radiator. It would be 
difficult to take advantage of ground irregularity to improve the 
vertical radiation patterns of both aerials. For low-power 
synchronized stations the area within which these can be sited 
is usually severely limited, and it would rarely be possible to 
obtain a site on a hill of suitable shape and high ground 
conductivity. 

We agree with Mr. Piggott that information on the reflection 
coefficient of the ionosphere, expressed in a convenient form, 
would be of great value. Nevertheless we feel that the unpre- 
dictable component of the variations is greater than he suggests, 
so that observations over a long period would be required to 
obtain the data. It is surprising that progress in this field lags 
so far behind that in tropospheric propagation, which began to 
receive attention much later. 
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“A SHORT MODERN REVIEW OF FUNDAMENTAL ELECTROMAGNETIC THEORY’’* 
NORTH-WESTERN CENTRE, AT MANCHESTER, 2ND MARCH, 1954 


Mr. L. H. A. Carr: In Section 3 the author raises the question 
of a dimensional constant to represent the concept of shape. 
Although I know that this is causing some heart-burning in 
L.E.C. circles, I feel most strongly that neither its discussion nor 
its use falls within the bounds of science or natural philosophy— 
that portion of knowledge where experiment is the criterion and 
test of credibility—but that it is a matter of concern only to the 
purely theoretical philosopher. 

To the experimental physicist a volume is still a volume, 
whether its unit be taken as a cube of unit side or a sphere of 
unit radius; and to suggest anything different is only to create a 
further and unnecessary difficulty for students to overcome. 
There is just as much justification for including a further 
“‘dimensional constant” to indicate whether the ultimate standard 
is kept at Paris or in London. 

The paper includes an attempt to reinstate the unit magnetic 
pole as the foundation of magnetostatics, but the author has 
succeeded in making his argument plausible only by ignoring 
the inconvenient characteristics of this theory. 

For any mental concept to be acceptable, it must follow the 
same mathematical laws as does the natural phenomenon it 
represents. The field concept is one of the most useful auxiliary 
concepts, and I cannot understand the author’s strictures about 
it, unless he considers that it includes some physical aspect that 
“pushes things around.” As I, and many others, use it, it is 
simply a mathematical tool, enabling one to determine more 
readily, and evaluate effects due to, “‘the position and movement 
of charge,’ while it is entirely independent of whether those 
effects are due to “‘action at a distance” or not. The field concept 
thus only associates a mathematical equation with any particular 
point in space, without the postulation of any particular physical 
background. 

By the application of field mathematics to the space surround- 
ing first an isolated electric charge and secondly an isolated 
magnetic pole, the configurations are seen to be entirely dis- 
similar; in the former case there is spherical symmetry; in the 
latter the only symmetry is axial. Consequently eqns. (1) and (2) 
are not comparable, and the whole structure of a magnetostatics 
based on unit magnetic pole, in the same way that electrostatics 
can be based on a unit charge, falls to the ground. 

In Section 7 the author writes: ““By the choice of mass, length 
and time as basic dimensional quantities, F has been given the 
dimensions ML/T2.”” But following his own line of argument, 
with which I entirely agree, there is no a priori reason why the 
two sides of the equation should be of the same dimensions, 
since the experimental data on which it is based refer only to 
the arithmetical figures. If the equation is to be used dimen- 
sionally, a dimensional constant must be included, although I 
agree that it is usual to suppress this and it is frequently very 
convenient to do so. It must, however, be realized that such a 
suppression is a human action, and any difficulties that: arise 
as a consequence are not inherent in nature, but are of our own 
making. 

Similarly, if, following the author, Q is adopted as a fourth 
basic dimension, the dimensional constant in the equation for 


* HAMMOND, P.: Paper No. 1595, December, 1953 (see 101, Part I, p. 147). 


force between charges can be suppressed or not, as we choose, 
the constant k) being a pure numeric in the former case. In 
this case, however, the dimensional constant in the corresponding 
equation for force in magnetostatics (however expressed) must 
be retained, as is well known. 

This reference to force leads to the question: What do we 
mean by force and how do we define it? It seems necessary to 
utilize this same. equation for the purpose, and define force as 
something that has the power of bestowing acceleration on a 
mass. This, however, brings the concept of motion into the 
definition of a force, as does the alternative definition of the 
space rate of doing work. It is therefore very doubtful whether 
force can be considered without relation to motion or change of 
motion. In this case the simple formula for the force on a 
conductor carrying current in a stationary magnetic field cannot 
justifiably be applied to a conductor rigidly held in an armature 
slot, the magnetic field surrounding which undergoes change 
while the conductor is in motion. 

I have never seen any satisfactory basis put forward for the 
hypothesis repeated by the author in Section 14 that the mecha- 
nical forces in a machine with slotted armature “act largely on 
the iron teeth and not on the conductors in the slot,” and I 
suggest that the author’s theories, where he states that “the 
balance [of energy] can be achieved only by a transformer effect 
which results in an induced e.m.f. in the coil,” if worked out in 
full detail, would show on the basis of his method of calculation 
that there was a mechanical force between the conductor and the 
teeth, resulting in the whole of the force finally coming on the 
conductor, albeit transmitted to the held mipeae! poles through 
the medium of the armature teeth. 

Professor E. Bradshaw: “‘Preoccupation with the doctrine of 
flux” may by some be thought to be undesirable, but such an 
attitude does not necessarily follow from the adoption of the 
M.K.S. rationalized system of units. The author admits that, 
in support of the concept of the unit magnetic pole, ... “we 
impose symmetry”; the symmetries invoked by those who 
emphasize the field concepts are surely no more artificial. Apart 
from the welcome, on educational grounds, given to the M.K.S. 
system by the author, it should be stressed that any teaching 
sequence can be adopted using this or any other consistent unit 
system. 

In Section 8, in connection with rationalization, the author 
says that the student “‘should not be allowed to make his choice 
until...” This is surely a counsel of perfection and assumes a 
remarkable type of student. Would it not be more realistic to 
suggest that the student, having first acquired a satisfactory 
understanding of the basic relations of electrical science via 
whatever path the teacher deems to be most direct and consistent, 
may then be exposed to other systems of units and relations? 

Mr. E. Wild: The fundamental formula assumed in Part 2 
for the induced e.m.f. is eqn. (14), e.m.f. = — rate of change of 
flux. The separation of the rate of change of flux into a trans- 
former part and a motional part [eqn. (22)] is obtained from 
this by a mathematical transformation. If the two formulae 
gave different results in any case, there would be a self-contra- 
diction in the theory which would not be removed by the author’s. 
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device of choosing one formula or the other as correct. It is 
therefore necessary to reconcile the apparent contradictions. 

The fundamental formula applies to continuous motions of 
linear circuits, i.e. circuits composed of wires of negligible cross- 
sectional dimensions. If the motion is discontinuous, or if the 
circuit contains elements of large cross-sectional dimensions, 
such as the conducting strip in Fig. 8 or the magnet, M, in Fig. 5, 
through which an infinite number of conducting paths can be 
drawn, the formula must be supplemented by further conditions, 
namely 


If the circuit is changed discontinuously, e.g. by switching, the 
resulting discontinuous change of flux produces no e.m.f. 

The law of induction is to be applied only to circuits every part 
of which moves with the material in which it lies, sliding contacts 
being permitted. 


With these conditions it can be shown that, in all the cases 
described in Section 15 in which the fields are constant, the 
flux-cutting and flux-threading rules are equivalent. 

The effect of finite cross-sectional dimensions alone is seen in 
the experiment depicted in Fig. 8. If the circuit through the 

_galvanometer is completed by any line crossing the strip, and 
moving with the strip, together with the edges of the strip, it 
can be seen that the flux-threading rule applied to this circuit 
gives the same results as the flux-cutting rule. 

The effect of switching alone is seen in the experiment of 
winding a coil on to a ring magnet with negligible leakage field 
by means of a circular slip-ring surrounding the magnet; one 
_end of the coil is attached to the slip-ring at a point A, and the 
end of the unwound wire has sliding contact with the slip-ring 
at point C. As the ring rotates, turns are wound on the coil 

but no e.m.f. is generated. Here there are two circuits to be 
considered: those that complete the circuit of the coil through 
the slip-ring by going from C to A in the sense of rotation and 
in the opposite sense. The flux through either circuit remains 
constant as the slip-ring rotates, except when A passes C. Con- 
sider the circuit completed by the arc of the slip-ring which goes 
from C to A in the sense of rotation. The geometrical con- 
figuration of the circuit specified in this way changes discon- 
tinuously as A passes C, the length of the arc of the slip-ring 

involved changing from the full circumference to zero. The 
change cuts out a turn (consisting of the slip-ring itself) wound 
in the reverse direction, so that the flux increases discontinuously 
by the amount corresponding to one turn of the coil. Thus the 
flux through the coil increases discontinuously once per revolu- 
tion, but the rate of change of flux is always zero, and so is the 

‘e.m.f. 

The other examples can be explained by a combination of 
these two methods. 

The new derivation of the electromagnetic equations proposed 
in Part 3 contains a fundamental flaw. Eqn. (41) and eqn. (43), 
which is derived from it, are self-consistent only if the vector 
field D satisfies certain conditions, the most general form of 
‘which implies that the electric charge has everywhere a definite 
Velocity, the velocity uz which occurs in the equations. The 
‘equations are thus possible ones for the hydrodynamics of 
charged fluids in appropriate conditions, but are not adequate 

for general electromagnetic theory. 

The equations, in fact, do not agree with the generally accepted 
Ones, since the current density is not in general, 1 div D. In 
most engineering applications current flows in electrically neutral 
‘media where div D is zero. Eqn. (45) would imply that an 
uncharged conducting wire carrying a current generates no 
magnetic field. 

_ Mr. H. B. Daniels: The terms “cutting” and “threading” 
are both used in considering electromagnetism, but I find the 
idea of “linkage” (of electric and magnetic circuits) very valuable 
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in covering the needs of conduction and radiation of electrical 
energy. The simplest case to visualize is a circular copper 
conductor linked with an iron ring, a current in the conductor 
producing magnetism in the ring, and change of magnetic flux, 
with which the conductor is linked, producing an e.m.f. in the 
conductor. This is useful for introductory ideas for material 
circuits (conduction) and for space (electromagnetic radiation). 
In the latter case we can imagine the materials removed, and 
there are still electromagnetic effects in the field of radiation; 
conduction may be considered as a special case of electro- 
magnetic radiation. Moreover, the wavelength of the electro- 
magnetic propagation is dependent on the frequency of the 
original electrical oscillation (e.g. in an aerial). The current 
circuit is based on the physical reality of a quantity of electricity 
in motion, and thus, with the fourth fundamental quantity 
accepted as quantity of electricity, we have an M.K.S. system 
of units unifying conduction and radiation concepts. 

Mr. W. E. Burnand (communicated): I question whether linkage, 
cutting or detached magnetic poles form the complete story of 
electromagnetic induction; I think that there is also another 
component. 


Fig. D 


Consider Fig. D. P is a copper tube and S, is a conductor 
inside P. S, is a conductor outside P but inside a substantial 
laminated iron cylinder Fe. It is well known that no magnetic 
field is generated inside a tube carrying a uniformly distributed 
current longitudinally. 

If now a current is passed along P, a magnetic field is generated 
round it (but not inside), proportional to the current in the tube 
and the magnetic permeability of its surroundings, and inversely 
proportional to the radial distance. With an alternating current 
along P of such a value that Fe is not saturated, the field in the 
air spaces is small and may be neglected for the purpose of the 
present discussion, the significant field being that in the laminated 
iron cylinder. The voltage induced in P, S, and S, by the varying 
magnetic field of Fe is the same. In the space between P and 
Fe there is the m.m.f. spreading out from P and the small mag- 
netic flux, but inside P there is neither m.m.f. nor magnetic flux; 
but there is still the same voltage induced in S,. As the radiation 
from P is all outwards, it follows that the induced voltages are 
due, not to this outward radiation, but to an inward radiation 
from the varying magnetic field, which, moreover, is of a different 
character to the outward radiation, since it has neither m.m.f. 
nor magnetic flux. 
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Normally the whole of the induced voltage can be considered 
as confined to the space surrounded by Fe, and in fact is so, 
as evidenced by the performance of innumerable current trans- 
formers in daily use. But the possibility arises that there might 
be some way in which this non-magnetic voltage-inducing com- 
ponent could be projected beyond the plane of the generating 
field, analogous to the way in which the electromagnetic wave is 
projected in the usual radio transmission. 

If the magnetic field round a series of copper conductors is 
explored as these are progressively added till they form an 
elongated cage, it will be found that as these reach a circle they 
form the equivalent of a tube, in that the magnetic field goes 
completely outside the circle leaving the inside clear of magnetic 
flux; but the full inductive effect remains. 

A large circle of vertical conductors, fairly close together but 
of the dimensions of a Druid circle, caused to oscillate in unison 
under crystal control, looks an attractive experiment, since this 
would radiate the usual electromagnetic wave outwards from 
the circle and the different, voltage-inducing non-magnetic 
component from the inside. Since this latter component is 
created in any case by a more or less circular varying magnetic 
field, it seemed worth trying a fairly large toroidal coil, in spite 
of the fact that the non-radiating property of the toroid is so 
universally recognized and made use of in radio apparatus. 

A toroid of about 30in diameter was therefore constructed, 
using a piece of rubber hose bent into a circle and wound uni- 
formly with about 2 000 turns of 22-gauge copper wire. When a 
small current (about 0-4amp) was passed at about 2kc/s by 
means of a valve of unknown characteristics, the characteristic 
squeal was readily picked up at a distance of 7ft by means of a 
search coil and amplifier, the coil being about 7in in diameter 
and having 64 turns, the assembly being as indicated in Fig. E. 


Fig. E 


Another search coil of nearly the same diameter as the toroid 
gave similar results. The loudest signal was received with the 
toroid transmitter and straight-coil receiver squarely facing. 
With the toroid turned through 90° so as to face the receiving 
coil edgewise, or the search coil turned 90° facing the transmitter 
edgewise, the signals ceased. 

Thus we have transmission through space with no magnetic 
interlinkage, no magnetic flux or m.m.f. projected from the 
toroid, no “cutting” or varying “‘linkage”’ of magnetic flux, and 
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the conductors in the transmitting toroid at right angles to those 
in the receiver or secondary circuit. 

Static can be ruled out, as signals ceased when the toroid 
winding was opened at its mid-point. Transmission was effective 
throughout the audible range of frequency and also when the 
toroid was fed from a 500c/s alternator about 40ft away as a 
check on whether signals were picked up from the valve 
oscillator. There is still left the third component or element as 
the transmitting agent. 

Dr. R. Feinberg also contributed to the discussion at Man- 
chester. 

Mr. P. Hammond (in reply): Mr. Carr objects to the use of the 
concept of pole strength, because the field around an electric 
charge exhibits spherical symmetry, but around an isolated pole 
there is axial symmetry. If this were indeed so, I should be 
the first to abandon the concept of pole strength. But Mr. Carr’s 
statement is equivalent to saying that the law of force between 
poles is not that of the inverse square. Because the laws are 
identical for electric charges and magnetic poles, their field | 
patterns are identical. In fact, the field around an isolated 
charge and the field around an isolated pole both exhibit spherical 
symmetry. This is the justification for the invention of the twin 
concepts of a point charge and a point pole. It would hardly be 
an exaggeration to say that this approach halves the mental 
effort required from the student. JI agree with Professor Brad- 
shaw that the M.K.S. system need not be tied to a particular 
sequence of instruction. It is all the more regrettable that the 
over-enthusiastic supporters of the system wish to give it a 
philosophical content that it does not possess by tying it to the 
Maxwellian aether theories. The subsidiary conditions that 
Mr. Wild attaches to Faraday’s iaw will undoubtedly give the 
correct answer, but to some students the conditions may appear 
unconvincing. For instance, how can the rate of change of 
flux be always zero and yet the flux be increasing? If the flux 
increases discontinuously, will not its rate of change be infinite? 
Surely all these conditions are unnecessary, if it is realized that 
eqn. (18) is identical with eqn. (22). I would urge Mr. Wild 
to re-read Section 16 of the paper. With regard to eqns. (41) 
and (43), div D is not zero in a conductor. Every electron 
implies that there is a divergence of D. ; 

I find Mr. Burnand’s contribution very difficult to understand. 
The success of Maxwell’s theory has been such that it seems 
unlikely that a completely new type of radiation would have to 
be postulated to account for Mr. Burnand’s experimental 
evidence. The trouble experienced by Mr. Burnand seems to 
arise from a too ready acceptance of such statements as that 
contained in his second paragraph. There is, in fact, always a_ 
magnetic field inside a tubular conductor carrying alternating 
current, in spite of the widespread belief to the contrary. 
Similarly, there is a magnetic field outside a solenoid. Lack 
of space prevents a detailed analysis here, and I would refer 
Mr. Burnand to Professor E. B. Moullin’s book “Radio Aerials,” 
where these problems and many similar ones are treated in 
detail. 
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SUMMARY 
Details are given of the design and performance of an attracted- 


disc voltmeter, operating in a medium of compressed gas, which is 


_30kV and above. 


capable of measuring the effective value of a wide range of voltages. 
‘The accuracy with which measurements can be made increases with 
the magnitude of the voltage and is about 1% at 1kV and 0:1% at 
The clearances between the electrodes have been 
designed to withstand voltages up to 700 kV (peak), but measurements 
have been limited to 350 kV (peak) by the insulator used to support 
the high-voltage electrode. 


LIST OF PRINCIPAL SYMBOLS 


a = Width of annular gap between disc and guard plate, m. 
A = Effective area of attracted disc, m?. 
c = Distance between guard plate and h.v. electrode, m. 
E = Mean electric field between the electrodes (= V/o), 
volts/m. 
\E, = Electric field at centre of disc, volts/m. 
E, = Electric field at distance s from centre of disc, volts/m. 
F = Force acting on the disc when it is displaced by distance h, 
newtons. 
| Force acting on the disc when it is coplanar with the 
guard plate, newtons. 
| F,, = Elastic force tending to make the disc coplanar with the 
guard plate when it is displaced by distance 4, newtons. 
g = Acceleration due to gravity, m/s’. 
h = Height. of disc above plane of guard plate, m. 
m = Mass of brass weight, kg. 
r = Effective radius of attracted disc, m. 
V = Effective value of applied voltage, volts. 
€, = Permittivity of free space (= 8-854 x 10~!? farads/m). 
€, = Permittivity of medium between electrodes relative to that 
of free space. 
p, = Density of brass weight, g/cm?. 
p> = Density of gas medium, g/cm’. 


(1) INTRODUCTION 
The force of attraction between two electrified bodies has long 
been used as the basis of voltage measurement. Lord Kelvin! 
‘was the first to design an instrument in which the relation 


- between the force and the magnitude of the voltage in absolute 
- electrostatic units could readily be calculated; he used parallel 


‘plane electrodes, and in order to avoid complications due to 
stress concentration at the edges, he measured the attractive 
force on a disc forming the central portion of one of the elec- 


- trodes and separated from the remainder by a narrow annular 


gat 


gap. He showed that the effective area of the disc was very 
closely equal to the mean between its actual area and the area 
of the hole in the surrounding guard electrode. 

During the last few decades, with the introduction of ever- 
increasing transmission voltages, several instruments based on 


Lord Kelvin’s design have been constructed for the measurement 
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of high voltages. Of these, the most notable was that described 
by Brooks, Defandorf and Silsbee of the National Bureau of 
Standards? which was capable of measuring, to an accuracy of 
a few parts in 104, voltages of sine waveform up to 275 kV (r.m.s.). 
The electrodes of this instrument were not enclosed, and special 
precautions were necessary to avoid disturbances due to draughts. 
Several German workers,3;4 on the other hand, have designed 
instruments enclosed in a chamber filled with compressed gas, 
thereby overcoming difficulties due to draughts and deposition 
of dust on the electrodes and allowing the voltage gradient, and 
hence the attractive force between the electrodes, to be con- 
siderably increased; in this way an instrument operating up to 
400 kV (r.m.s.) has been constructed.4 The instrument about 
to be described is a Kelvin-type absolute voltmeter, using a 
medium of high electric strength, for the measurement of a wide 
range of voltages. 


(2) GENERAL DESIGN CONSIDERATIONS 


As a basis for the design, it was assumed that an instrument 
capable of measuring, to an accuracy of 0:1°%, voltages up to 
500 kV (r.m.s.) was required. 

Three suitable media having a high electric strength are 
transformer oil, high vacuum and compressed gas. Oil was 
rejected on account of the influence of contaminating particles 
on the electric strength and the fact that the two alternative 
media are able to sustain electric stresses as great as those of 
well purified oil. Of the other alternatives, a medium of com- 
pressed gas was preferred to one of high vacuum because of the 
ease of dealing with gas leaks in the system. 

The instrument thus consists essentially of a pair of parallel- 
plate electrodes in a pressure vessel, and facilities are provided 
for measuring the attractive force acting on a disc forming the 
central portion of one electrode, for detecting displacement of 
the disc from the plane of the surrounding guard plate and for 
varying and measuring the distance between the electrodes. It 
is convenient for the disc, guard plate and pressure vessel to be 
earthed. 

Using the rationalized M.K.S. system of units and assuming 
a uniform field between the electrodes, the attractive force Fo on 
the disc when it is coplanar with the guard plate is given by 
the equation 

€9¢ AE? €9€,71 2 V2 
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(2.1) Size of Electrodes 


Published data5 on the electric strength of compressed gases 
indicate that stresses up to 100 kV (r.m.s.)/cm can be sustained 
by air, nitrogen or carbon dioxide at 15 atmospheres pressure 
and by dichlor-difluor-methane (Arcton 6) or sulphur hexa- 
fluoride at 3 atmospheres pressure. For these media a maximum 
electrode separation of about 5 cm is therefore necessary, and 
the high-voltage and guard electrodes should be of sufficient 
diameter to ensure that the electric stress over the surface of the 
disc is uniform to a high degree at this separation. The h.v. 
electrode should also be well rounded at the edge so that at no 
point on its surface does the stress greatly exceed that existing 
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between the electrodes. With an assumed disc. diameter of 
10 cm, rough calculations of electric stress derived from formulae 
relating to parallel-plate and concentric-cylinder electrodes gave 
the following dimensions for the electrodes and the containing 
vessel: 


Overall diameter of h.v. electrode sy Oa! sen) 
Radius of curvature of edge of h.v. electrode... 0:04m 
Diameter of guard plate and of interior of tank 0-56m 


The maximum value of the attractive force, calculated by 
putting r=0-05m, E = 107 V/m, and «, = 1 in eqn. (J), is 
Fy = 3-5 newtons 
~ 0:35 kg or 0:77 lb 


(2.2) Stability of Attracted Disc 


The disc should be mounted on an elastic support so that it 
is normally coplanar with the guard plate and separated from it 
by a narrow annular gap and is free to move in a direction 
perpendicular to its plane. On the application of a voltage V 
to the electrodes, a force F will arise attracting the disc towards 
the h.v. electrode, and this must be balanced by a measurable 
force acting in the opposite direction, balance being determined 
by the restoration of the disc to its normal position. 

The stiffness of the elastic support and the sensitivity of the 
detector of displacement of the disc should be such that balance 
of the opposing forces can be carried out to the required degree 
of precision and such that there is no instability of the disc. 
Brooks, Defandorf and Silsbee* have investigated the variation 
of the attractive force F on the disc with its displacement / from 
the plane of the guard plate. When / is small compared with 
the width a of the gap between the disc and guard plate, 


FoR eee 
= e—nirle 
where peas Dra ee 
Cc T7Yr a 
1 dF 
Hence, when fh < 1, $an =f eae ate he (3) 


The incremental force dF acts so as to make the disc unstable, 
and unless the elastic restoring force dF, called into play by 
the displacement dh, exceeds dF the system will actually become 
unstable. 


If a = 0:0003 m and r = 0:05 m, 
f = 310 m—! when c = 0:01 m 


and f = 190 m~! when c = 0:05m 


and with a value of Fy = 0-35 kg (Section 2.1), the maximum 
value of dF/dh will be 0-35 x 310 =110kg/m. The elastic 
constant dF,,/dh of the disc support must therefore not be less 
than 110 kg/m. 


(2.3) Sensitivity of Detector of Displacement of Disc 


If, because of insufficient sensitivity of the detector of dis- 
placement during the balancing operation, the disc is not adjusted 
exactly to its normal coplanar position, two sources of error 
are introduced. The first of these is a change dF in the 
attractive force from its value F when the disc is coplanar 
with the guard plate, resulting in a fractional error dF/F = fdh 
[eqn. (3)]. For a given displacement dh the fractional error 
therefore depends on the value of f, which increases as the elec- 
trode separation decreases but, for the electrode dimensions 
quoted in Section 2.2, only changes from 190 to 310m! as 
the electrode separation changes from 5cm to lem. Thus, if 
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dh = 1 micron (10-6 m) the fractional error dF/F varies over 
the range 2-3 x 10-4. 

The second source of error is the elastic restoring force dF, 
brought into play by the displacement dh. If again dh = 1 micron 
and the stiffness of the disc support is no greater than the value 
110 kg/m, required to ensure stability (Section 2.2), dF; will be 
0-11 g. Thus, with a displacement dh of 1 micron and a total 
force F of 0:35kg (corresponding to a voltage gradient of 
100 kV/cm), the fractional error dF,/F will be 3 x 10-4. This 
error will vary inversely as the magnitude of the force F. 

The two sources of error due to maladjustment of the disc 
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Fig. 1.—Insulators for h.v. electrode. r 


(a) Proposed design for 500 kV (r.m.s.). —_ 
(b) Porcelain cable sealing end. 
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are of opposite sign and will, in fact, just cancel each other 
when the instrument is used on the ‘threshold of instability. 
With electrode spacings of 1-5 cm and voltage gradients of 
approximately 100kV/cm between the electrodes, the above 
considerations show that a displacement detector sensitive to 
1 micron will ensure that the attractive force F can be balanced 
to within about 1 part in 10+; the uncertainty in balance will 
increase as the voltage gradient decreases and amount to about 
30 parts in 104 at a gradient of 30 kV/cm. 


(2.4) Insulator for High-Voltage Electrode 


Experience has shown that a resin-bonded paper tube with 
metal end fittings and a tapered internal electrode, a general 
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drawing of which is shown in Fig. 1(a), forms, when filled with 
compressed gas, a satisfactory bushing insulator for 500 kV 
(r.m.s.). Such an insulator has not yet been obtained; as a 
substitute a porcelain cable-sealing-end designed for a working 
voltage of 132/,/3 kV, a drawing of which is shown in Fig. 1(6), 
has been used. 


(3) DESCRIPTION OF INSTRUMENT 


An elevation of the essential parts of the instrument is shown 
in Fig. 2. An angle-iron framework carried on large castors 
supports a square steel-plate 14 in thick which forms the lid of 
a pressure tank having an internal diameter of 24 in and a depth 
of 26in. A circular flanged turret in the middle of this plate 
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Fig. 2.—General elevation of instrument. 
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HV. eed electrode. 


6. Guard electrode. 12. 
7. Screwed pillars supporting guard 12. 


Worm gear box. 
Micrometer scale. 
13. Cyclometer counter. 


4 es vg screwed to bottom of 8. Gear wheels. 14. Window. 
9. 3-armed base casting. 15. Magnet support. 
Se Thinwailed cylinder. 10. Motor. 16. Magnet. 
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forms a support for the h.v. insulator, from the upper end of 
which the h.v. electrode is suspended by means of a steel tube 
of 2 in outside diameter, screwed at each end with a 14 in B.S.P. 
thread. 

The h.v. electrode consists of a hollow bronze casting 16 in 
in diameter and 3 in thick machined all over with the edges 
rounded to a radius of. curvature of 1:5in. To obtain the 
requisite flatness, the under surface of the electrode is provided 
with internal ribs radiating from the central screwed boss by 
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in conjunction with a cyclometer counter, enables changes in 
the electrode separation to be read through a small window in 
the wall of the pressure tank to an accuracy of better than 
0-001 cm. The scale and cyclometer dial can be illuminated by 
a small internal lamp. 

The attracted disc and its associated mechanism for measuring 
the force of attraction, which forms a separate unit mounted 
on the underside of the guard plate, is illustrated by the drawing 
shown in Fig. 3; its framework consists of two pairs of bronze 


Fig. 3.—Details of attracted disc and its associated mechanism. 


which the electrode is attached to its stem. After machining, 
the surfaces of the electrode and its stem were chromium plated 
and polished and the under surface was lapped. The weights 
of the electrode and stem are 23 kg and 17 kg respectively. 

To avoid variation of electrode separation due to flexure of 
the tank lid when internal pressure is applied, the l.v. electrode 
and all its associated measuring equipment are supported from 
the underside of the turret via a steel disc, 4 in thick and 224 in 
in diameter, screwed to the throat of the turret and a thin-walled 
cylinder reaching almost to the bottom of the tank. Four large 
rectangle apertures cut in the walls of this cylinder give access 
to the mechanism within. The junction of the surfaces of the 
steel disc and the bore of the turret is rounded to avoid a 
high concentration of stress in that region, and the surfaces 
themselves are nickel plated and worked to a smooth finish. 

The guard electrode is a bronze casting, ribbed on the under- 
side to give it rigidity, resting on three steel pillars. These pillars 
have accurately-formed screw-threads of 1 mm pitch cut on their 
lower end on which nuts turned by large-diameter (200-tooth) 
gear wheels are mounted. The lower ends of the pillars pass 
through holes in a 3-armed bronze base casting; the extremities 
of these arms rest on a 4in square-section ring welded to the 
bottom edge of the thin-walled cylinder. Thrust ball-races are 
interposed between the nuts and the arms of the base casting 
against which they bear. By individual adjustment of the three 
gear wheels, the guard electrode can be tilted until it is accurately 
parallel with the h.v. electrode.* A common centre pinion, 
driven through a worm reduction gear by a small electric motor 
mounted on the base casting, can then be meshed to all three 
gear wheels and thus enable the electrode separation to’ be 
varied. A circular scale, mounted on one of the gear wheels, 


* Owing to its weight and the length of its supporting stem the h.y. electrode is 
not very rigidly supported, so that the parallelism of the electrodes is dependent to 
some extent on the level of the instrument. With electrodes adjusted parallel when 
the instrument was level, it was found that a tilt through a small angle @ caused the 
electrodes to deviate from parallelism by an angle of approximately 0-0150. 


rings AA and BB, and a smaller ring C, connected together by 
brass screws and bronze brackets and distance pieces. A bracket 
fixed to the ring B carries a lever pivoted at D and loaded at 
one end by a circular-shaped 100g brass weight E which is 
rather more than counterbalanced by a brass block F on the 
other end. By energizing the solenoid G the weight F may be 
slightly lifted and E correspondingly lowered. 

The light-alloy attracted disc H is connected by a long clamp- 


ing screw, on which are mounted several flanged distance pieces, — 


to a circular coil-former J, also of light alloy, wound with 
430 turns of No. 40 S.W.G. enamelled copper wire; between one 
pair of distance pieces a circular duralumin plate K is clamped. 
This system is mounted on the supporting framework by two 


pairs of phosphor-bronze strips, which are clamped at one end ~ 


between rings AA or BB and at the other end between distance 
pieces on the disc-system assembly screw. To obtain precision 
in the positioning of the disc, the components of each pair of 
phosphor-bronze strips are arranged with their axes at right- 
angles; the ends which are clamped together by the compara- 
tively slender screw connecting the coil former to the disc are 
also reduced in thickness so that they exert no great bending 
moment on this screw. The four cantilevers supporting the disc 
system are thus approximately freely loaded at their ends. The 


disc system is about 190 g in weight and was initially designed to © 
be mounted on two thin elastic diaphragms clamped between — 


rings AA and BB, but these and also a pair of phosphor-bronze 
strips, spanning the rings and clamped by them at each end, 
were found to be much less satisfactory forms of support than 
those already described and finally adopted. 

The circular plate K carried by the disc is situated between 
similar plates L,; and L, mounted on the screws M, which are 
adjusted so. that when the disc system is in equilibrium the three 
plates are parallel and the gaps (nominally 1 mm) between the 
middle and each of the outer ones are equal; this is achieved by 
applying an audio-frequency voltage between the middle and 
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outer plates and then adjusting the screws M until an equal-ratio 
_ Schering bridge incorporating the capacitances between electrode 
K and each of the electrodes L, and L, is just balanced. The 
flange of one of the distance pieces on the disc assembly screw 
serves as a platform on which the weight E can be lowered. The 
disc and the plate K which moves with it are insulated from each 
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The instrument is connected, via a multicore cable and a 
multi-way plug and socket connector in the wall of the tank, 
to a control box which is fed from a 50-c/s supply and provides 
an audio-frequency source and visual detector for the Schering 
bridge, and d.c. supplies for the motor, solenoid, lamp and coil. 
A circuit diagram of the control box is reproduced in Fig. 4. 


Disc Coil Solenoid Motor Lamp 


jaded OND) Ny ae\ 


SWS 
R22 
Milliammeter 
+15V 
Fig. 4.—Circuit diagram of voltmeter control box. 
Vi Electron-beam indicator, type SW3 Single-pole solenoid switch. R11 Wire, variable in steps R20 1 kQ, 2 W, wire 
EM34. SW4 2-pole 3-way motor switch. of 1 Q from 1 950 to R21 3kQ,5 WwW 
V2 Double triode, type 12 AX7. SW5 Single-pole lamp switch. 2 050 Q R22 50 0,5 W 
V3 Output pentode, type 7 D10. SWé6 2-pole 2-way main switch. R12 1000,0:5W R23 1-8 kQ, 20 W, wire 
V4 ~=Double triode, type 12 AU7. R13 300kQ,0°5W 
V5 Full-wave rectifier, type 5Z4G. R14 750kQ, 0-1 W 
V6 Voltage stabilizer, German type. Ri, R2, R3,R4 1MQ, 0-5 W R15 150kQ,0°:5W Ct, C2: 0:001 uF 
RS, R6 500 kQ, 0-5 W R16. 27kQ, 0-1 W C3 200 uF 
SW1 2-pole 2-way bridge detector R7, R8& 2kQ, 0-5 W R17 1kQ,0:5W C4 0-002 uF 
switch. R9 §kQ, 0:1 W R18 2kQ, 10 W, wire CS 0-003 uF 
SW2 2-pole 3-way coil current switch. R10 2 kQ, wire R19 10kQ, 50 W, wire C6, C7, C8 8 uF 


other and from the frame; the plates L; and L, are also insulated 
from each other and from the frame. Screws N, N on the under- 
side of the disc are adjusted to engage against stops projecting on 
the inside of the ring C when the disc is moved about 0-1 mm 
downwards from its normal position of rest; two other screws 
O, O at opposite ends of a diameter at right-angles to that 
through N N similarly limit the upward movement of the disc 
from its equilibrium position. 
When all the necessary adjustments have been made on it, 
the disc unit is mounted on the underside of the guard plate by 
means of the ring C which rests on three equispaced brackets P 
provided with levelling screws. These screws are adjusted until 
the disc, when tested with a knife-type straight-edge, is coplanar 
with the guard plate; ring C is then clamped by three equispaced 
radial screws Q, which are adjusted so that the disc is concentric 
with the hole in the guard plate which surrounds it. The 
balance of the equal-ratio Schering bridge is again checked so 
that in all further use of the instrument it can be assumed that 
when the bridge is balanced the surfaces of the disc and guard 
plate are coplanar. Finally, a permanent magnet mounted on 
a 3-armed bronze support, which, in turn, is mounted on the 
three pillars supporting the guard plate, is adjusted vertically 
and laterally until the coil is situated centrally in the annular 
gap between the poles. The tank is then raised by means of 
jack screws operating in three of the bolt holes in its flange and 
bolted to the lid with a rubber O-ring interposed to make a gas- 
tight seal. 


(4) PROCEDURE IN USING THE INSTRUMENT 

The complete assembly and adjustment of the instrument 
described in Section 3 is a somewhat lengthy process, but when 
it has once been done the instrument is very convenient to use 
and has proved to be trouble-free. 

The reading of the micrometer scale corresponding to zero 
separation of the electrodes is first determined. This may be 
done either by raising the earthed-electrode system until contact 
between it and the h.v. electrode is just established and then 
noting the micrometer reading, or by measuring over a range 
of small values of electrode spacing the capacitance C between 
the disc and the h.v. electrode, the coil current being adjusted 
so that the disc is always in the plane of the guard plate. In 
the latter case the relation between 1/C and the micrometer 
reading is extrapolated to 1/C = 0, the micrometer reading corre- 
sponding to this is the effective zero of the scale of electrode 
separation; it is found in general to differ from the contact zero 
by about 0:02 mm. Owing to differences between the coefficients 
of thermal expansion of the insulator and steel tube by which 
the h.y. electrode is supported, the effective and contact zeros 
of the instrument are dependent on the ambient temperature. 
For a particular set-up of the instrument the difference between 
the effective and contact zeros is constant, so that when this 
difference has been determined, the effective zero can readily be 
deduced from the contact zero. 

After the effective zero has been obtained, the disc is earthed 
to the tank and the electrode spacing is increased to a value 
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appropriate to the voltage to be measured. The voltage is then 
applied, thus destroying the balance of the Schering bridge. 
Balance is restored either by lowering the brass weight of mass m 
on to the platform on the disc stem and then adjusting the 
electrode spacing, or by adjusting the current in the coil to a 
value J,. In the first case the force on the disc is equal to 
mg(1 — p2/p;), where p,; and pz are the densities of the brass 
weight and gaseous medium respectively, and in the second to 
the electromagnetic force due to a current J, in the coil. Over 
a wide range of currents there is a strictly proportional relation- 
ship between the magnitudes of the current and the corresponding 
force, so that, with the voltage removed, the determination of 
the current J, required to balance the brass weight* will enable 
the force corresponding to any other current to be derived. In 
the case just considered, the force corresponding to J, is 


I 
mg (1 — pale 


The voltage is then calculated by means of eqn. (1) from the 
measured values of effective disc diameter, electrode spacing and 
force acting on the disc. 


(5) INSTRUMENT CORRECTIONS AND ERRORS 
The error in the voltage calculated from the equation 
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fo = (1) 
will depend on the extent to which the conditions assumed in 
the derivation of the equation have been fulfilled and on the 
errors of measurements of the parameters Fo, r and c. These 
questions are considered below and summarized in Table 1. 


(5.1) Non-Uniformity of Field 


Eqn. (1) gives the relation between the attractive force F on 
the disc due to an applied effective voltage V, on the assumption 
that the electrodes are perfectly flat and parallel and sufficiently 
extensive for the influence of the field disturbance at their edges 
to be ignored. To determine the extent to which the latter of 
these conditions is fulfilled the field distribution between the 
h.y. and earthed electrode systems was calculated for the 
maximum electrode spacing. The calculation, which was per- 
formed by relaxation methods, ignored the gaps between the 
guard plate and the disc and between the guard plate and the 
tank, and special attention was paid to the space between the flat 
parts of the electrodes. The graph of Fig. 5 has been derived 
from the results obtained, in order to show the relation between 


* The sign of the current /2 will be opposite from that of 7; since it has to balance 
a downward-acting force. 
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5.—Relation between electric stress at a point on the earthed 
electrode (expressed as a fraction of the average stress between 
the electrodes) and distance of the point from the centre. 


Electrode spacing—S cm. 


Fig. 
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the voltage gradient at a point on the surface of the earthed 
electrode and the distance of the point from the centre. The 
gradient is expressed as a fraction of E = V/c, the value it 
would have if the electrodes were of infinite extent. Over the 
area covered by the disc, the relation between gradient E, and 
distance s from the centre is closely given by the equation 


E, — Eo ba ks) 
= Gradient at centre 
k = 1-5 (metre)—3 


Therefore the attractive force on the disc is 


where 
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The expression outside the brackets in eqn. (4) is equal to the 
attractive force if the gradient over the whole disc were equal 
to Ey; the expression within the brackets, after substituting the 
values of k and r, is 1:5 parts in 104 less than unity. But 
E, is 0-4 part in 104 less than E (see Fig. 5) so that the attrac- 
tive force at an electrode spacing of 5 cm is less than it would 
be with electrodes of infinite extent by 1:5 + 0-8 = 2:3 parts 
in 104. The derived voltage, being proportional to the square 
root of the force, will be in error by half this amount if the effect 
of the finite electrode size is ignored: this error will be still 
smaller with electrode spacings of less than 5 cm. 


(5.2) Flatness of Electrodes 


Although it is necessary for the disc to be coplanar with the 
guard plate to within about 1 micron to ensure voltage measure- 
ments accurate to 1 part in 104 (Section 2.3), it is not necessary 
for the electrodes to be flat to this degree. In general, for the 
above accuracy, the departures from a true plane of the surfaces 
of the disc, of the zone of the guard plate immediately surround- 
ing it and of the h.v. electrode opposing it should be not more 
than one ten-thousandth of the electrode spacing; i.e. 5 microns 
at a spacing of Scm. Irregularities much greater than this can 
be tolerated in the peripheral parts of the electrodes; indeed, 
in the preparation of the surface of the guard plate, it was found 
necessary to take a light skim (approximately 50 microns) off 
the outer part so that the inner part could be worked to the 
requisite degree of flatness; the calculated effect of this on the 
field at the surface of the disc was quite negligible. 

When tested with a knife-type straight-edge, the vital parts 
of the electrode surfaces were estimated to be flat to within 
2-5 microns, and the disc was adjudged to be coplanar with the 
guard plate to the same degree of accuracy; uncertainties in 
voltage measurement due to the combination of the uncertainties 
in these two factors are +3 and +5 parts in 10 at electrode 
spacings of 5 cm and 1 cm respectively. 


(5.3) Parallelism of Electrodes 


If the electrodes are not quite parallel, the attractive force on 
the disc is increased by B?/4, where B is the difference between — 
the maximum and mean separation of the disc from the h.v. | 
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electrode, expressed as a fraction of the electrode spacing c 

_ (see Appendix 10). For a given angle between the planes of 
the electrodes, 6 will vary inversely as the electrode separation. 
For separations as small as 1mm, however, the error in the 
attractive force is still negligible if this angle is not greater than 
1’. With the adjustment available on the pillars supporting 
the guard plate it is possible to ensure that the electrodes are 

_ parallel to within 0-1’; errors due to lack of parallelism of the 
electrodes are therefore negligible. 


(5.4) Dimensions of Electrodes 


In calculating the voltage V from eqn. (1) the effective disc 
radius r and the effective electrode spacing c are directly con- 
cerned. The value of r is obtained from the following micro- 
meter measurements, made at a temperature of 15° C: 


9-9705 cm 
10-0279 cm 


Diameter of disc ee aS 
Diameter of hole in guard plate . . 


The mean value, 9-9992 cm, is only 4 parts in 10® less than the 
calculated effective diameter of the disc; hence r = 4:9996 cm. 
The errors due to uncertainty in the value of r and to any changes 
in this value due to changes of temperature are negligible. 

The mean pitch of the screw threads on each of the three 
pillars supporting the earthed-electrode system was within 
1 part in 104 of the nominal value of 1mm. The electrode 
spacing c is therefore derived to this degree of accuracy from 
the differences between the reading of the micrometer scale 
during the voltage measurement and that corresponding to zero 
electrode spacing. The results of a typical determination of 
the effective zero are illustrated in Fig. 6, where the value of the 
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Fig. 6.—Relation between micrometer reading and reciprocal of 
capacitance C between h.y. electrode and attracted disc. 


Contact zero at micrometer reading—0-200 mm. 
Effective zero at micrometer reading—0-218 mm. 


resistance arm R, of a bridge, which is proportional to the 
reciprocal of the capacitance between the disc and h.v. electrode, 
is plotted against the corresponding reading of the micrometer 
scale. The fact that a linear relationship between R; and 
micrometer reading, deduced from the formula for the capaci- 
tance between parallel plane electrodes, is closely obeyed down 
to an electrode separation of 0:1 mm provides good evidence 
of the perfection of form and of adjustment of the electrodes. 
The uncertainty in the extrapolated value of micrometer reading 
corresponding to R; = 0 is estimated to be +0-005 mm; this 
leads to an uncertainty in voltage measurement of 1 part in 10+ 
~when c = 5 cm and S parts in 104 when c = 1 cm. 


307 


(5.5) Measurement of Attractive Force 


The stiffness of the four phosphor-bronze strips supporting 
the disc is such that a load of 1 g causes a displacement of 
8 microns; it thus just fulfils the condition, derived in Section 2.2, 
for a stable system at the highest designed stress between the 
main electrodes. The detector of displacement of the disc is 
sufficiently sensitive to measure the ratio of the capacitances on 
either side of the electrode K to 1 part in 103. Since the gaps 
between the moving and each of the fixed electrodes are about 
1mm, the detector is thus sensitive to a displacement of the 
moving system of 0-5 micron. The accuracy with which the 
attractive force on the disc can be balanced is therefore about 
double that derived in Section 2.3 for a displacement detector 
sensitive to 1 micron. 

In addition to the above uncertainty of balance, there is an 
uncertainty in the measurement of the force (gravitational or 
electromagnetic) opposing the electrostatic pull on the disc. 
When the opposing force is gravitational, the uncertainty in its 
magnitude is negligible, but when it is electromagnetic there are 
errors in the measurement of the coil current and uncertainty in 
the relation between coil current and electromagnetic force to 
consider. 

The coil current is measured either by a multi-range sub- 
standard moving-coil milliammeter readable over the upper part 
of its scale to an accuracy of 0-1%, or if higher accuracy is 
required, by a Campbell bifilar reflecting galvanometer used in 
conjunction with a semi-circular scale 4m in length. Tests with 
loads on the disc ranging up to 0-5 kg have shown that there 
is a linear relation (to the accuracy with which balance could 
be adjusted) between load and coil current required for balance. 
When the galvanometer is used, it is therefore estimated that 
the electromagnetic force can be measured to an accuracy of 
1 part in 10%. 

The chief sources of error considered in Sections 5.1-5.5 and 


Table 1 
ESTIMATED ERRORS IN VOLTAGE MEASUREMENTS 


Estimated effect 


Electrode spacing 
=5Scm 


Electrode spacing 


Source of error 
S, =1cm 


100kV/em| 30kV/em | 100kV/em| 30kV/cm 


parts 
in 104 


parts 


dels: parts 
in 


Parts 
in 104 


in 104 

Disc not coplanar with 
guard plate to better than +5 A589) +3 +3 
2-5 microns during initial 
setting-up 


Effective zero of micrometer 
scale uncertain to 5 
microns 


Sensitivity of detector of 
displacement of disc 
limited to 0-5 micron 


Error in measurement 
coil current 


Electro- 
magnetic 
balance 


Resultant 
standard 
error 


Gravita- 
tional 
balance 
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the estimated extent to which they will affect voltage measure- 
ments at electrode spacings of 1 and 5cm and at inter-electrode 
stresses of 100 kV/cm and 30 kV/cm are summarized in Table 1. 
The resultant standard errors are given in the last two lines of 
the Table for the cases in which the attractive force on the disc 
is balanced by an electromagnetic or a gravitational force; these 
errors are smallest when the spacing and electric stress between 
the electrodes are greatest. 


(6) PERFORMANCE OF INSTRUMENT 
(6.1) Flashover Voltage 


After assembly, the instrument was connected to a 50-c/s 
supply through a protective resistance of 0-25 megohm, and the 
average value of the voltage required to cause an internal dis- 
charge was determined for a range of electrode spacings and gas 
pressures; no special precautions were taken to dry or filter the 
gas. The results obtained with the porcelain insulator are given 
in Fig. 7. With increasing electrode spacing the flashover 


2001b/in2 501b/in? 


400 


7 150Ib/in? 


No 
So 
oS 


Mean flashover. voltage, kV(peak) 


0 20 40 
Electrode spacing, mm 
Fig. 7.—Relation between electrode spacing and flashover voltage 
using porcelain insulator. 


Nitrogen. 
—— —— Nitrogen and Arcton 6. 


The values on the curves refer to lb/in? gauge. 


voltage at first increased and then remained constant, owing 
presumably, to the transference of the flashover path from the 
gap between the electrodes to another part of the system. Sub- 
sequent examination of the electrodes showed that many dis- 
charges had occurred between the stem of the h.v. electrode and 
the upper edge of the turret through which it passed; it is 
concluded that breakdown at this point limits the voltage which 
can be applied to the instrument when the porcelain insulator 
is used. 

A voltage of 90% of the flashover value can be applied to the 
instrument for prolonged periods. Thus, with the porcelain 
insulator, voltages of up to 350 kV (peak) can be measured when 
nitrogen at a pressure of 200 Ib/in? or a mixture of nitrogen 
and Arcton 6 at 50 lb/in? is used as a dielectric. 7 

The curves of Fig. 7 show that, with nitrogen at a pressure 
of 150 Ib/in* and over, a working stress of the value assumed 
in the design of the instrument, i.e. 140 kV/cm (Section 2.1), 
can be attained. However, in the range over which flashover 
occurs between the electrodes, the curves tend to flatten off 
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with increasing electrode spacing, and it may be that, with the 
larger insulator, more care may be needed in filtration of the 
gas filling to enable this stress to be maintained without flash- 
over up to the maximum electrode spacing. 


(6.2) Comparison with Other Instruments 


Simultaneous measurements of a 230-kV (r.m.s.), 50-c/s 
alternating voltage were made with the absolute voltmeter filled 
with a mixture of nitrogen and Arcton 6 at 50 1b/in? pressure 
and with a low-range electrostatic voltmeter with a scale 4m 
in length used in conjunction with a capacitive voltage-divider. 
The voltage supply was unsteady to the order of 1 part in 10, 
but with one observer maintaining the balance of the attracted 
disc and another reading the adjacent scales of the electrostatic 
voltmeter and galvanometer, a comparison between the two 
instruments was obtained to a sufficiently high degree of accuracy. 
The results, given in Table 2, show agreement between the two 
methods of measurement to within the limits of the estimated 
errors given in Table 1. 


Table 2 
COMPARISON OF MEASUREMENTS MADE WITH ABSOLUTE VOLT- 


METER AND LOW-RANGE VOLTMETER USED IN CONJUNCTION 
WITH VOLTAGE DIVIDER 


Relative permittivity of gas in absolute voltmeter, ¢ .. 1-0037 
Density of gas in absolute voltmeter, p2 .. 0:0054 g/cm3 
Density of 99-80 g brass weight, p1 . 8:4 g/cm3 
Gravitational force, ¢ ns an g: .. 981-0 dynes/g 
Coil current required to balance 99:80 g weight, Ib .. 23:94mA 
Measured ratio of capacitance voltage-divider . 2020 


Absolute voltmeter Electrostatic voltmeter 


Effective 
electrode 
spacing (c) 


Coil current 
required for 
balance 


Instrument 
voltage 
(corrected) 


Calculated 
voltage 


Total 
voltage 


mm 
49-935 
42-69 
39-935 
34-935 


mA 
17-44 
* 


27-28 
35-80 


kV(.m.s.) 
225°8 
226-1 
225-8 
226-3 


volts 
ister: 
111-85 
Tir 75 
112-07 


kV(r.m.s.) 
225°7 
225°9 
D225 <1 
226-4 


* Jn this case the electrode spacing was adjusted until the attractive force on the disc 
was just balanced by the fixed weight. 


As an example of the wide range of the instrument and of 


the effect of maladjustment of the disc, Table 3 gives the results 
of a comparison between the absolute voltmeter used at atmo- 


Table 3 


Absolute voltmeter 


Dynamo- 
meter volt- 
meter 
reading 


Displace- 
ment of disc 
above plane 

of guard 

platet 


Effective 
electrode 
spacing 


Net coil 
current 


‘Micrometer 
reading 


Calculated 
voltage 


volts (r.m.s.) microns volts (r.m.s.) 


0 784 
ys 787 
15 788 
25 788 
0 303 
7 305 
1 307 
25 310 


784 


Ne ee wwnPy 


SDOaAD— Oo co 
SH OnAnaAww 


+ Calculated from the change in the setting of the audio-frequency bridge. 


Ce 
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spheric pressure and a substandard dynamometer voltmeter. 
The maladjustment was effected by altering one of the resistance 
arms of the audio-frequency Schering bridge by a known amount 
and adjusting the current in the coil until balance at the new 
setting was obtained, first with no voltage and then with the 
voltage to be measured applied to the instrument. The differ- 
ence between the two values of coil current was proportional 
to the attractive force on the disc and is referred to in the Table 
as the net coil current. 

It will be seen from the Table that at small electrode spacings 
the method of determining the effective zero of the micrometer 
scale described in Section 5.4 compensates to a large extent for 
any failure to adjust the disc to be coplanar with the guard 
plate, and that an accuracy of about 1% can still be attained 
when measuring potentials of the order of a few hundred volts. 


(7) CONCLUSIONS 


The instrument here described, when fitted with the porcelain 
insulator and filled with nitrogen at a pressure of 150 lb/in? or 
a mixture of nitrogen and Arcton 6 at a pressure of 50 Ib/in?, 
is capable of measuring, to an accuracy of 0-1%, the effective 
value of sinusoidal voltages ranging from 30-250 kV (r.m.s.): 
at voltages below 30 kV the accuracy is reduced, but it is still 
of the order of 1% at 300 volts. The highest accuracy is obtained 
with the electrodes at large spacings and a high electric stress 
between them. The accuracy falls off rapidly as the stress between 
the electrodes—and hence the attractive force acting on the disc 
—is reduced. This could be compensated to some extent by 
increased sensitivity of the detector of displacement of the disc, 
but on the whole it is desirable that the attractive force should 
be comparable with the weight of the permanent load on the 
elastic supports of the disc system, otherwise imperfections in 
these supports may limit the accuracy with which the attractive 
force can be measured. 

For routine measurements with an instrument of this type, 
the electrode spacing could be adjusted until the electrostatic 
force on the disc balanced a fixed weight so chosen that the 
micrometer scale could be read directly in kilovolts. 
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(10) APPENDIX 


Effect of Lack of Parallelism of the Electrodes on the 
Force acting on the Disc 


Consider the surface of the disc (Fig. 8) to be divided into a 
number of elementary strips on each of which the electric stress 
is constant but, owing to lack of parallelism of the electrodes, 
is different from that on the other strips. 


Fig. 8.—Diagram of disc to assist in the calculation of the effect of 
lack of parallelism of the electrodes on the attractive force. 


Let the stress Ex on a strip distant x from the central strip 
and of width dx be E(1 + ex). 
Attractive force on strip is 
€9¢-E7(1L + ax)*4/(r? — x?) dx 


Total force on disc is 


€o¢,E* | (1 + ax)*/(r? — x*)dx 


cos E*| {ve — x?) + 2axs/(r? — x?) 


+ 2x2/(r? — whee 


2 D 
coe | Ser — x7yk + 5 arc sin = —_ 5? — x?)t 


a2x 
4 


—Fr 


2,2 24 : 
(r? — x*)3 + =x (r? — x?) + arc sin | 


ar c) 


s coerE( Boag 


€9€,7r-E* 
ee ge 

where 8 = ar is the amount by which the maximum (or minimum) 
stress on the disc differs from the mean stress. 


[The discussion on the above paper will be found overleaf.] 
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DISCUSSION BEFORE THE MEASUREMENTS SECTION, 14TH DECEMBER, 1954 


Professor E. Bradshaw: The elegant instrument described 
represents a considerable achievement, and the paper is, I 
believe, the first British account of an attracted-disc-type absolute 
voltmeter for this voltage range. The author has been conserva- 
tive in the accuracy claimed and gives a satisfactory comparison 
between this instrument and the divider-operated low-range 
electrostatic voltmeter. Has not an opportunity been missed, 
however, to use as a comparison instrument the ellipsoid volt- 
meter developed by Bruce,* for which a somewhat higher 
accuracy is claimed? Although the author states that com- 
pressed gas was chosen as a medium of high electric strength 
because of the problem of leaks in vacuum systems, it would 
appear that if this is the only reason, modern vacuum technique 
should be capable of meeting this problem. ‘There are certain 
philosophical and material objections to high gas pressure. If 
gas is used, the relative permittivity of the gas has to be measured. 
To this extent, the use of the word ‘absolute’? appears to be 
slightly compromised. The author has discussed differential 
thermal expansion of the insulator and of the unavoidably long 
supporting stem of the h.v. electrode; has any uncertainty of the 
gap been observed due to dimensional instability of the insulator 
assembly under pressure? 

The use of high working gradients results in satisfactorily 
small dimensions and large working forces. Are these forces 
capable of causing any distortion of the moving disc which is 
supported at the centre and free at the edges adjacent to the 
guard ring? The position of the moving disc is measured at 
the centre, and if even a small distortion of the disc occurs, lack 
of coplanarity with the guard ring may be significant. 

The method employed for adjusting the separation of the fixed 
and moving electrodes is very ingenious, but I should like further 
information as to why the contact zero described in the paper 
differs from effective zero, and why effective zero is considered 
to be the right zero. Is this necessarily so? 

In Table 2 I notice that the separation of about 42 mm is 
quoted to a much smaller degree of accuracy than any other case. 
I am not sure why that should be so. 

The natural frequency of the moving system would, from the 
dimensions given, appear to be quite low. There is no question 
of the disc moving cyclically with the 100c/s electrostatic force. 
Has there been any trouble from oscillation of the moving system 
due to shock or floor vibration? There does not appear to be 
any provision of damping action against such oscillation. 

Mr. R. Davis: When the decision was reached to construct an 
absolute voltmeter, the first question to be answered was whether 
to use compressed gas at about 14atm or a high vacuum 
as the dielectric medium. Although both these media have a 
usable operating electric strength of about 100kV/cm, the 
decision was in favour of compressed gas mainly because of the 
very practical advantage that in the event of a small leak the 
equipment could be connected to a high-pressure gas source and 
be usable; there is only one thing to be done in the event of a 
leak in a vacuum system. Other people have much more 
experience of vacuum technique than ourselves, and to them the 
problem of providing a vacuum of high electric strength would 
probably be faced with equanimity. Parts of the equipment are 
subjected to divergent fields, and while there is little precise 
information available about the flashover characteristics of 
electrode systems of different geometries in media of compressed 
gas and a high vacuum, it is well known that in equipment 
incorporating both compressed gases and a high vacuum, such 
as totally enclosed Van de Graaff generators, troubles are most 


* Bruce, F. M.: “The Design of an Ellipsoid Voltmeter for the Precision Measure- 
ment of High Alternating Voltages,” Journal I.E.E., 1947, 94, Part I, p. 129. 


frequently encountered on the vacuum side. The pressure 
chamber, it was thought, could also be used to study the 
dielectric properties of complex gases at high voltages as well as 
high stresses. 

The absolute voltmeter measures direct voltages, but only the 
r.m.s. value of an alternating voltage; this latter fact must be 
regarded as a disadvantage when it is appreciated that, in general, 
high voltages are used in the laboratory to examine the electric 
strength or the flashover or breakdown of equipment. These 
characteristics depend on the peak applied voltage, so that when 
using the instrument for this purpose a further measurement 
is required. However, an instrument which will measure high 
direct voltages can be of more than local service. It can be 
used, for example, to calibrate resistors for use in high-voltage 
d.c. measurements. 

Methods of measuring peak and r.m.s. voltages with the aid 
of a standard of capacitance are well known. In the discussion 
of papers on the calibration of sphere gaps,* one speaker depre- 
cated the makeshift methods used for power-frequency voltage 
measurements and went on to say that “‘it is to be regretted that 
no effort has been made to develop a thoroughly screened con- 
denser for 1MV.” At a recent symposium at the N.P.L. on 
precision electrical measurements, an author described such a 
capacitor housed in a resin-bonded-paper tube and standing 
approximately 13ft high. The limitation in the performance of 
this unit was imposed by external flashover, which was deter- 
mined by the ambient humidity. Thus, at a relative humidity 
of 50% a test voltage of 1MV was sustained without external 
flashover; at 55° humidity external flashover occurred at IMV; 
at 64°% humidity external flashover started at 900kV; and at 85% 
it- was as low as 640kV. Steps were being taken to avoid this 
limitation, possibly by the use of a special lacquer on the outside 
of the tube. 

Mr. F. W. Waterton: When the author was starting work on 
his voltmeter we were also working on a similar project and were 
committed to the use of vacuum as the main insulating medium. 
Our experience has shown that the author’s decision to use gas 
under pressure was sound, since the provision of mechanical 
insulating supports in the vacuum has been one of our major 
problems. We, of course, were aiming at a degree of accuracy 
one order higher than the author, as we already had a secondary 
standard for direct voltages which was accurate to +0:°1%. 
The difficulties involved in improving the prospect of available 
accuracy by one order, in an instrument of this kind, bear no 
relation to the change in the order of accuracy. 

Our instrument is generally similar in principle and electrode 
arrangement to the author’s, except that we arranged to measure 
the force on the moving disc directly by means of a chemical 
balance without any intermediate steps and without the use of 
springs to control the disc position. It always seemed to us 
that this was by far the best method, as it did not involve the 
transfer of the force quantity from one medium to another, with 
the attendant possibility of loss of accuracy and the necessity for 
precautions to avoid the effects of temperature changes, spring 
fatigue, etc., when making a measurement, or during adjustments 
to the zero position of the disc. 

The use of a chemical balance to support the moving disc in a 
vacuum is the method which involves the minimum number of 
possibilities of error and the minimum number of corrections. 
Against this advantage can be cited the greater ease and latitude 
in technique and in the choice of materials which follows on the — 
use of gas at pressure as opposed to vacuum for the main insu- — 
lating medium. Compared with any other medium, the use of — 


* Journal I.E.E., 1938, 82, p. 645. 
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a vacuum allows a higher stress to be used between the electrodes 
and so enables a smaller disc to give the same force. 
It would appear from Section 7 of the paper that the author’s 


_ experience with his instrument would now lead him to subscribe 
_to our views concerning the desirability, by the direct method, 


of weighing the pull on the disc, particularly for an instrument 


designed, as in our case, for the routine measurement of voltage 


in the laboratory and for the calibration of secondary standards 
of voltage. 

I am very interested in the performance figures and design of 
the insulators shown in Figs. 1(a) and 1(b). From experiments 
and measurements carried out in a 700kV transformer insulated 
with CCI,F, at 601b/in?, I feel that the design shown in Fig. 1(a) 
would give trouble at a stress of 300, and at the most 350, volts/mil 
in the gas. 


Fig. A.—Use of concentric cylinders to increase sparkover 
voltage of bushing. 


The position of highest stress occurs at the point where the 


‘central conductor passes through the tank wall, and if the 


illustrations are to scale, the stress at this point would appear 
to be 550volts/mil at the rated voltage. If sulphur hexafluoride 
were used these figures would be improved by about 15-20%, 
but if a stress of 550volts/mil is present, a pressure higher than 


THE AUTHOR’S REPLY TO 


Mr. G. W. Bowdler (in reply): The contributors to the discus- 
sion have shown a lively appreciation of the difficulties encoun- 
tered in the accurate measurement of high voltages with an 
I agree with Professor Bradshaw and Mr. 
Waterton that a hard vacuum is the ideal dielectric medium for 
such an instrument, but all available experience suggested that a 
vacuum capable of withstanding the voltages we had in mind 
would be very difficult to realize. The relative permittivites of 


nitrogen and other gases used in the instrument differ very little 


from unity, and in general the published values are sufficiently 
accurate for our purpose. 


Professor Bradshaw rightly observes that high dimensional 


_ stability of the insulator is required. This has been so for the 


porcelain insulator shown in Fig. 1(d); in fact, the change in 
length of this insulator due to the pressures used so far has been 
too small to detect with certainty. This fact, together with the 
design of the support for the earthed electrode shown in Fig. 2, 
has resulted in an electrode spacing which is independent of gas 
pressure. Preliminary tests with the insulator shown in Fig. 1(a) 
indicate that its extension with pressure is by no means negligible; 


_ this may require a more frequent check of the contact zero of the 
electrode-spacing scale when this insulator is used. I am 


indebted to Mr. Waterton for his suggestion for increasing the 


voltage which a bushing insulator will withstand. The only 


311 


60lb/in? of sulphur hexafluoride will almost certainly be 
necessary. 

The performance of both of these insulators could be improved 
if the radial stresses were limited to those suggested in the pre- 
ceding paragraph by the introduction of a pair of concentric 
cylinders 1 and 2, such as are shown in Fig. A. If the gap G 
between the ends of such a pair of cylinders is adjusted experi- 
mentally to the optimum value, improvements of 75% or more in 
the sparkover value of the insulator 3 have been obtained on 
several different designs of bushing compared with an otherwise 
identical arrangement in which the cylinders were omitted. 

In the paper the author shows the moving disc supported by 
leaf springs. Was this arrangement, in fact, used in the final 
instrument? I am rather intrigued by this, as I have attempted 
to use a similar system in a vacuum-enclosed instrument and 
found that the springs introduced considerable variations in the 
zero of the instrument, mainly due to changes in temperature, 
and these variations were of sufficient magnitude to cause the 
design to be abandoned. 

Mr. F. S. Edwards: When an instrument is devised for very- 
high-precision measurements, its inventor always examines so 
far as he can all the sources of inaccuracy and makes allowances 
for them; but he can never be sure that something has not been 
overlooked. One or two possible errors, not referred to by the 
author, are, in fact, mentioned in the discussion, and there may 
be others. 

The most convincing test is to compare the instrument with 
another of different construction and of the same or greater 
claimed accuracy. If the two instruments differ by more than 
the sum of their admitted possible errors, then at least one of 
them is not as accurate as it is said to be. If they agree there is 
a probability that both are correct. Mr. Bowdler has performed 
this test with gratifying results, but I should like to know whether 
the comparison was made at any intermediate voltages between 
a few hundred volts and 225kV, and whether the results were 
closely repeatable from day to day. 

The capacitance of the voltage divider referred to in Section 6.2 
could be measured with adequate accuracy at a low voltage, but 
what evidence is there that it remained unchanged at 225kV? 


THE ABOVE DISCUSSION 


reasons why the contact zero should differ from the effective zero 
are either that the disc is not coplanar with the guard plate or that 
the high-voltage and guard plates are not flat and/or parallel to 
each over their whole extent: the second of these alternatives is 
considered to be the more likely, and for this reason the effective 


‘zero was used to obtain the electrode spacing. 


The attracted disc is sufficiently thick—even without its 
stiffening ribs—to resist appreciable deformation by the electro- 
static force acting on it. The addition of the ribs probably puts 
the frequency of any natural vibrations of the disc well above 
100c/s. Free or forced vibrations of the disc system on its 
elastic support appear to be effectively suppressed by eddy 
currents induced in the coil former. 

The four phosphor-bronze strips by which the disc is sup- 
ported have behaved very satisfactorily; their strain due to the 
weight they carry undergoes a secular change. (probably as a 
result of temperature changes) of about 1 part in 1000. This 
means that the unloaded disc cannot be assumed always to be 
coplanar with the guard plate: the force necessary to bring about 
this condition must be allowed for in voltage measurements. 

I agree with Mr. Waterton that balance of the electrostatic 
force by a weight is the most satisfactory way of measuring it. 
With the single weight available in the present instrument this 
involves variation of the electrode spacing. This has been done 
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in the second line of Table 2, where the entry in the first column 
has been quoted to an accuracy corresponding to the sensitivity 
of the detector of displacement of the disc. The direct-reading 
feature mentioned in Section 7 of the paper is attractive; it 
remains to be seen to what extent the accurate screw-threads 
supporting the earthed electrode will wear under constant use. 
The instrument has been used at many voltages intermediate 
between those quoted in Tables 2 and 3, and when the larger 
insulator is fitted, measurements will be made at as high a voltage 
as possible. The low-range electrostatic voltmeter used in 
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conjunction with a capacitive voltage-divider as a comparison 
standard is a well-tried instrument which has all the accuracy 
required and’ which was readily available. The high-voltage 
arm of the divider consisted of a capacitor with compressed-gas 
dielectric and concentric cylindrical electrodes. Capacitors of 
this type but of different voltage ratings, when compared on a 
Schering bridge, are found to have no difference in power factor 
and a constant ratio of their capacitances at voltages up to that 
causing flashover. There is no reason, therefore, to suspect that 
the ratio of the capacitive voltage-divider is not constant. 


DISCUSSION ON 


“EXPERIMENTAL EQUIPMENT AND TECHNIQUES FOR A STUDY OF 
MILLIMETRE-WAVE PROPAGATION’’* 


Dr. J. Collard (communicated): In Section 3.3.2 the authors 
mention what they call ‘“‘metal-film-bolometers” and say that 
these would repay further attention. It may save them a 
considerable amount of work to know that an instrument of this 
type was developed during the 1939-45 War, by the organization 
with which I am associated. It was first described in British 
Patent Specification No. 572881, and later in a paper.f 

As originally developed for use at 3cm, the resistive film 
formed part of one of the smaller walls of a rectangular guide 
and so absorbed only a small part of the power passing down the 
guide, thus allowing the remainder to be used for other purposes. 
However, it was pointed out in the paper referred to above that, 
if the power to be measured was small, it would be better to put 
the film across the guide so that it would act as a termination to 

* WILLSHAW, W. E., LAMONT, H. R. L., and HiIckIN, E. M.: Paper No. 1761 R, 
January, 1955 (see 102B, p. 99). 


+ COLLARD, J.: “The Enthrakometer, an Instrument for the Measurement of Power 
in Rectangular Guides,” Journal I.E.E., 1946, 93, Part TILA, p. 1399. 


the guide and thus absorb all the power. The resistive film 
consisted of a sputtered platinum film on glass. 
In 1949, when a power-measuring device for a wavelength of 


8mm was required, an enthrakometer using a film across the 


guide was developed, and several of these instruments have been 
in successful use for many years. The authors include in their 
References one [No. (11)] which refers to this 8mm enthrako- 
meter but, apparently, they have not realized that the enthrako- 
meter was the instrument which they describe as a metal-film 
bolometer. Jt was pointed out in that Reference that the 
enthrakometer is free from the serious errors to which the 
thermistor is subject at millimetric wavelengths. 

Mr. W. E. Willshaw, Dr. H. R. L. Lamont and Mr. E. M. 
Hickin (in reply): We are grateful to Dr. Collard for drawing 
attention to his published work on the enthrakometer and for em- 
‘phasizing the importance for millimetre waves of measurement of 
power by absorption in thin films, rather than in a resistive wire. 


DISCUSSION ON 


“AN INVESTIGATION 


OF THE CHARACTERISTICS OF CYLINDRICAL SURFACE 


WAVES”* AND “SURFACE WAVES’’+ 


NORTH-EASTERN RADIO AND MEASUREMENTS GROUP, AT NEWCASTLE UPON TYNE, 
6TH DECEMBER, 1954 


Mr. J. Bilbrough: Has any work been done in grading the 
dielectric constant of the transmission-wire covering, and would 
it help to use a laminar covering material with the higher 
dielectric constant on the outside, with the possibility of prevent- 
ing radiation caused by water droplets? 

Could the direct radiation between transmitting and receiving 
horns be reduced by using a resonant launching system, which 
might consist of a circular metal plate having a large hole in the 
centre so spaced from the transmitting horn as to cancel direct 
radiation? 

, H. E. M., and KArsowliak, A. E.: Paper No. 1462R, April, 1953 (see 
100, Part TL p. 321). 


a RLOW, H. E. M., and Cutten, A. L.: Paper No. 1482 R, April, 1953 (see 100, 
Part i, p. 329). 


Prof. H. E. M. Barlow, Dr. A. E. Karbowiak and Dr. A. L. 
Cullen (in reply): It is quite possible that radiation from raindrops 
could be minimized in the way suggested by Mr. Bilbrough. 


The outer dielectric must be so chosen that the losses associated ~ 


with it are Jess than the loss due to scattering of power by rain- 
drops if the method is to be effective in reducing overall loss. 
Perhaps expanded polythene could be used. 


The use of a resonant launching system might very well enhance — 


mode purity, but an improvement in overall launching efficiency 


would only be achieved if the losses associated with the resonance ~ 


were less than the radiation loss of the original system. 


y 
So far we have undertaken no experimental work on either 


of these topics. 
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AN EXPERIMENTAL INVESTIGATION OF AXIAL CYLINDRICAL SURFACE WAVES 
SUPPORTED BY CAPACITIVE SURFACES 


By Professor H. E. M. BARLOW, Ph.D., B.Sc.(Eng.), Member, and A. E. KARBOWIAK, Ph.D. 
(The paper was first received 9th August, and in revised form 3rd November, 1954.) 


SUMMARY 


This paper records experimental work designed to investigate the 
use of a guide with a capacitive surface impedance for the support of 
an axial cylindrical surface wave. Previously only inductive surfaces 
had been employed for the purpose. 

_ A solid dielectric rod, made of Perspex, was used as the guide, and 
its diameter was carefully adjusted to make the surface impedance 
come within the particular range of interest. 

The experiments show that there is no doubt at all about the physica] 
reality of an axial cylindrical surface wave supported by a capacitive 
surface and having a phase velocity exceeding that of light. Moreover, 
it has been established that, within the limits of experimental error, 
such waves vanish completely when the threshold condition necessary 
for their support in the capacitive region is approached, exactly as 
predicted by theory. 


LIST OF SYMBOLS 
= Cylindrical co-ordinates (Fig. 1). 
= Constants. 

= Hankel function of the first kind and order n. 
4 = Bessel function of order n. 
y =a + jB = Axial propagation coefficient. 
a = Axial attenuation coefficient. 
§ = Axial phase coefficient. 
u 
a 
b 


Fs Oe 3c 
A, B 
HW 


= a — jb = Radial propagation coefficient. 
= Radial decay coefficient. 
= Radial phase coefficient. 
Ki = — w7u€o = Free-space wave number. 
K? = — w7¢, = Wave number. 
(Kj)? = — woe, = Complex wave number. 
Ay = Free-space wavelength. 


Lo€o = Permeability and permittivity of free space, 
respectively. 

/4;€; = Permeability and permittivity of the dielectric 
(Perspex). 


€, = «(1 — j tan 6) = Complex permittivity. 
€, = Relative permittivity. 
tan 6 = Loss tangent of the dielectric. 
ht = Separation constant. 
Va All ds = Surface impedance [cf. eqn. (3)]. 
mand € = Quantities defined by eqn. (5). 
Z, =r, + jx, = Quantity proportional to the normalized 
surface impedance [defined by eqns. (10) and (11)]. 
7 = Quantity defined by eqn. (8). 
X = Quantity defined in Section 3.3.1. 


(1) INTRODUCTION 


The single-wire transmission line supporting a cylindrical 
urface wave is well known. Such waves, in travelling along the 
utside of a conductor of circular cross-section, do not radiate, 
‘0 that, neglecting losses in the guide, the energy is propagated 
‘Written contributions on papers published without being read at meetings are 
nvited for consideration with a view to publication. 
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exclusively along its surface. The Zenneck wave, which behaves 
in a similar way over a flat surface, has been put forward as a 
particular case of the cylindrical surface wave when the guide is 
of infinite radius. There is, however, one important distin- 
guishing characteristic between the usual forms of these waves. 
Thus the cylindrical surface wave has always been characterized 
by a phase velocity which is less than the free-space value, whereas 
the Zenneck wave exhibits a phase velocity exceeding that value. 

Owing to experimental difficulties, the problem of following 
the transitional changes from one form of this surface wave to 
the other has so far not been satisfactorily resolved, and the 
difference between the phase velocities has tended to suggest 
that there is perhaps something of basic importance in its 
explanation. 

In a recent paper? it was shown theoretically that a cylindrical 
surface wave of the Ep,. type should be capable of support by a 
guide having a capacitive surface impedance within defined limits, 
and that in those circumstances the phase velocity of the wave 
along the interface with the surrounding medium should exceed 
the corresponding free-space value. Previously it had been 
assumed that only guides with a positive surface reactance were 
capable of providing the service required, and the present work 
was undertaken in order to ascertain experimentally the threshold 
conditions for the support of such waves, which are apparently 
more closely akin to the Zenneck wave. 

In pursuing this objective, several forms of guide of circular 
cross-section capable of providing a surface impedance with a 
capacitive as well as a resistive component were considered. 
Thus the case was examined theoretically of a metal rod sur- 
rounded by a stratified dielectric consisting of a thin annular 
layer next to the conductor having a permittivity less than that 
of the outer medium. Alternatively, consideration was given 
to a corrugated form of guide made up of a series of metal discs 
and dielectric spacers mounted alternately side by side along the 
length. These arrangements, whilst theoretically possible, 
presented difficult practical problems, particularly in bringing the 
surface impedance within the range of values required. It was 
decided, therefore, to use the simpler construction of a solid 
dielectric rod made of Perspex and having a diameter which gave 
the required surface impedance, taking into account the losses in 
the material. 

This arrangement had the advantage that the guide was easily 
machined, and its diameter could be reduced in stages to enable 
the transition from an inductive to a capacitive surface impedance 
to be followed. It was necessary to know accurately the per- 
mittivity and loss tangent of the Perspex'rod employed. Measure- 
ments of these quantities were made on samples of material cut 
from the actual guide. 

The practical aspect of launching a cylindrical surface wave of 
the Eo,. type has already been discussed in detail by the authors! 
with reference to metallic guides, and in that paper it was pointed 
out that, for accurate measurements on the field distribution of 
such a wave, recourse to a surface-wave resonator was most 
desirable, since this could be used to enhance the purity of the 
mode. 


J§ [313 ] 


314 


In the present investigation the same technique was employed, 
and consequently only a brief outline of the method will be given. 


(2) FUNDAMENTALS OF THE THEORY 
It will be assumed that the media involved are homogeneous 
and isotropic. The rationalized M.K.S. system of units is used 
throughout, and the factor eV@!—Y~») is omitted for convenience. 


(2.1) Equations pertaining to the Axial Cylindrical Surface Wave 
(Eox Mode) 


The Ep,, mode, which exists in the space outside a guide of 
circular cross-section (Fig. 1) having a radius s (i.e. for r >), 
is characterized by the three field components :} 


, = AHM(jur) 


—_ 


E, = AX H(jur) 
ju 


(1) 
— 40g yp) = — 4 oyan; 
Ay A i Hf (jur) Z * Hf (jur) 
where ny? te ee Kr ee EE ch jx) ene) 


Fig. 1.—Cylindrical surface waveguide and co-ordinate .system 
employed. 


The ratio E,,/H at the surface of the guide, where r = s, is 
termed the guide surface impedance, Z,, and is given by 


Z ee te _ & HPGus) 
5 Ag \ras. Eg HPCs) 
When the argument of the Hankel functions in eqn. (3) is 


small (say less than 0:05), a good approximation to the solution 
of this equation can be obtained from 


(3) 


He Slog ees hr ae a) 
where n= 1-S84K LPs 
Zo 
E = (0-89us)? = ll zd: OEE te een) 
and Zs = \Z,| VAD 


When the surface impedance, Z,, of the guide is small and 
uniformly distributed over the surface the quantity u (|u| < |Ko|) 
is obtained through the solution of eqns. (4) and (5), and the 
propagation coefficient y follows from eqn. (2), namely 


y=a+jp Martane ists - GS) 
where Sea aby 
a 10) 
ee =e + 47) 
0 
ad t= (2) + (*Yem. 2. & 
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Sometimes, however, it is not legitimate to replace the Hankel 
functions, occurring in eqn. (3), by their small argument approxi- 
mations to arrive at eqn. (4). This occurs, for example, in 
problems connected with predominantly reactive surfaces, and 
in that case the quantity a (here a > b and hence |u| ~ a) is 
obtained by graphical solution, as shown in Fig. 2, of 


_ @ HiGas) 

S weg HYGas) 

Turning attention to eqns. (4) and (5), we observe that for 
certain ranges of the impedance angle, $,, the solution of eqn. (4) 


(9) 


xlo™ | 


| 2 4 7 
as 


10x 10™ 


H§? (jas) 


H(Yjas) 


m = Scale index. 


as a function of as. 


Fig. 2.—Curve of as 


is quite straightforward, but for the general case of any value of 
f, and |Z,| < Zo, the following approach has been developed. 
The quantity 7 can, with advantage, be put into the form 


DS, a Its (10) 


where r, and x, are both dimensionless quantities proportional, 
respectively, to the normalized surface resistance R,/Zp and the 
normalized surface reactance X,/Zp. 


Thus we have 
ri 1-584() (2) 


x, = 1-s84(")(2) 


Egn. (4) can then be split into its real and imaginary parts, 


giving “s 
~ rz = [Elin loge lél + dee0s dy 
1 5 — |E|(cos be log, \é| <<" be sin fz) a: q 


It will be observed that for given values of s and u, the corre 
sponding values of r, and x, can be calculated from eqn. (12), 
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so that, with the help of eqn. (11), R, and X, are obtained. 
Although the reverse procedure is considerably more laborious, 
eqn. (4) or its equivalent, eqn. (12), can be solved with the help 
of an appropriate chart. Fig. 3 represents contours of constant 
|é| and constant ¢; plotted in the plane of z, = r, + jx,. 

Since a surface wave can only exist for finite positive values of 
the components a and 5b of the radial propagation coefficient 
u=a— jb, hence 0 >¢,>— 90°, where u=|ule/*u, It 
follows from eqn. (5) that dz = 2¢, can take values from 0 to 
—180°. It is therefore apparent from the chart in Fig. 3 that a 


-2 


-4 


“59 6x10 


Fig. 3.—Chart of the complex quantity £ in terms of rs and xs. 


cylindrical surface wave could, at least theoretically, be supported 
by a purely resistive surface (¢, = 0) or even by a capacitive 
surface (¢,< 0). A surface wave supported by a capacitive 
‘surface would, as can be shown from eqn. (8), travel with a 
phase velocity exceeding that of the corresponding TEM wave 
in free space (this is a feature of the Zenneck wave). It is, how- 
ever, to be noted that to satisfy the required conditions in the 
capacitive region the surface impedance must possess a sub- 
stantial resistive component, and this must be such that 4, 
= are tan x,/r, does not exceed a certain value ®,, for which 
gz = — 180°, given by 


Bisse 


@, = arc tan ( (13) 


The quantity 7 can, if required, be expressed in terms of the 
angle ¢; as follows: 


= (Prem tes (Bry amrde «0s 
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In our present applications |u| < 2m/A (\u|A/27 is invariably 
less than 0-1), so that unless dz is close to 90°, we may assume 


P= (soy cos dz . 


From this it is obvious that if }¢ is greater than 90° so that 7 is 
negative, from eqn. (7) 8 < 27/Ag and the wave will travel with 
a velocity greater than that of light. 


(15) 


(2.2) Theory of a Lossy Dielectric-Rod Waveguide (supporting 
the Eo, Mode) 


Imagine a guide consisting of a dielectric rod (constants 
Hy, €; and o,) of uniform circular cross-section and radius s. 
If the field outside the guide is an Ey, wave, the axial component 
of the electric field inside the guide is given by 


Ey = BJo(Ayr) . (16) 
where ht = y? — (K})? (17) 
and the circumferential component of the magnetic field is 
Hy = BE) (18) 
Thus the guide surface impedance is 
EE. 
ee ee 9 


The system of eqns. (2), (17), (3) and (19) could in principle 
be solved for the axial propagation coefficient, y, and the radial 
propagation coefficient, u, of the surface-wave field. The exact 
solution is, however, impracticable, and therefore the following 
approach was adopted. 

Consider for the moment a loss-free dielectric rod (€; = €,)— 
in which case the surface impedance will be a pure imaginary 
quantity (Z, =jX,9). In particular, if h,s is just greater than 
2-4048 [the first root of Jo(x) = 0] the surface impedance is 
inductive, and when it is less than this value the surface impe- 
dance is capacitive. Moreover, if values of 4, and s are chosen 
such that fy;s is very close to 2-4048, |Z,| is very small and so is |x]. 
From eqns. (2) and (17) we get for this case 


hy = hy = wv [LolE, — €0)] 


or h = Vt =i) oH 


The corresponding surface impedance is a pure reactance, 
and is given by 


eee nee hy Jo(hos) 
2s = 18 sy = Fe: Tos) 1B 
oe oe VG — DY Talos) 
a EeICN ae: (igs) 


This is an approximate expression in so far as eqn. (20) is an 
approximation, and in general from eqns. (2) and (17) we have 


W = 12 — w (22) 


or hy = ho + AA, where Ah ~ — u?/2ho, neglecting higher-order 
terms in the expansion. 

From eqn. (19) we then have from Taylor’s theorem, using the 
same degree of approximation, 


Re ho Johos) ey eae A Gi 
2; ~ fo |e sh | a 
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A(Z) = sAn( fg ) Sey SNAG: ye. @3) 
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If the dielectric is lossy €, must be replaced by ¢}, and if the 
loss angle of the dielectric is small (as with Perspex), from 
eqns. (17) and (2) we get 


h? = K2 — uw? — (Kj)? = K3 — uw? — KAA — jtan 9) 


and we now find that to satisfy 


h, = Ig + Ah 
we must have 
ur | K?tand 
2hg i 


Ah = (24) 


2ho 


This leads to the following expression for Z,: 


uw ife— 2 Sara og Ae 
a: [ mh rn es — ;) tan 5| Ee + AZ) 4 42)| 


(25) 
Zo Ve, — 1) uw? 
where AZ) =—-ij= s 
yA €, ho 
Ly 27277 
or AZ) =i x) ( x) (26) 
9 
and A(Z,) = (=) tan 8 


The multiplying factor in the first square brackets of eqn. (25) 
can usually be taken to equal unity, and if the decay coefficient u 
is small, A,(Z,) can be neglected. Consequently, under such 
conditions, knowing the dimensions of the guide and the con- 
stants of the dielectric (of which the guide is made), the surface 
impedance is calculable from eqns. (25) and (26). Values of 
surface impedance so obtained are then substituted in eqn. (5), 
giving corresponding values of », € and thence u. Fig. 3 is 
plotted from eqn. (12) for a range of values of €, and greatly 
assists the solution of these equations. If the coefficient u is 
not sufficiently small to justify the neglect of A,(Z,), the solution 
of the problem is arrived at by successive approximations. 

It will be observed that the resistive component A,(Z,) of the 
surface impedance arises as a result of dielectric loss, while the 
surface reactance is determined by the diameter of the dielectric 
rod in relation to frequency and the permittivity of the dielectric 
concerned. 


(3) EXPERIMENTAL WORK 


In attempting to launch a cylindrical surface wave over a 
capacitive surface and to examine under threshold conditions 
the distribution of the field, all the experiments were made in 
the 3cm waveband. 

The principal instrument employed in the measurements was 
the surface-wave resonator (Fig. 4), consisting of a length of 
guide made from a rod of Perspex short-circuited at both ends 
by large metal plates (about 4 ft x 4 ft) and mounted at right- 
angles to the guide. The resonator was excited by a small 
annular opening over the guide at the input and formed by 
the open end of a coaxial-line feed, as shown in Fig. 4. 

The purity of a surface wave supported by the resonator ‘was 
estimated by examining the relevant radial decay curve of the 
surface-wave field. Such decay curves, which represent the 
magnetic field strength as a function of radial distance from the 
centre of the guide (Fig. 5), were obtained experimentally by 
means of a radial-field-measuring instrument mounted on the 
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Fig. 4.—Surface-wave resonator with dielectric-rod waveguide. 


Magnetic field strength, arbitrary units 


Distance from the axis a 


ie’ em 


Fig. 5.—Magnetic-field distribution curve for guide No. 2, and 
giving point A in na 13. 


Guide length = 116 
Guide radius = 0- S781 Sen 
Xo = 3-2060cm. 


terminating plate of the resonator. A quantitative examination 
of a particular decay curve was carried out in each case with the 
help of the corresponding identifying line (see Section 3.2.3). 
In each case the resonant frequency of the resonator was 
measured (to within about 1 part in 104) using a cavity wave- 
meter, while the guide wavelength was calculated (to within 
5 parts in 104) from a knowledge of the total length of the guide 
and the number of wavelengths within it. ! 
(3.1) The Guides 

A length of lin-diameter unplasticized Perspex rod was seal 

for preparing the guides, and they were made in two stages 7 


follows. 

Guide No. 1 was obtained by machining the Perspex rod 
to 0-817 + 0-0005in diameter corresponding to a surface 
impedance well inside the inductive region, The purpose of 
experimenting in the first place with a guide whose surface 
impedance was inductive rather than capacitive was to establish 
the suitability of the measurement technique with this form of — 
guide and to obtain a check in situ of the permittivity of the — 
dielectric of which the guide was constructed. ; 

Having carried out that work, guide No. 1 was carefully 
reduced in cross-section to form guide No. 2, whose diameter 
finally measured 0:7702 + 0-0001lin. The tool marks on the 
surface of the rod were scarcely perceptible, and much less th 
0-0001 in in depth, so that they were considered to have negligi 
influence on the performance of the guide: The extreme ca 
with which this guide was made ensured that its surface impedance 
came within the comparatively narrow limits of special interest. ° 
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Fig. 6.—Calculated and measured values of the field decay 
coefficient for guide No. 1, as derived from the resonant 
frequency and the guide wavelength. 


Guide length = 116-:91cm. 
Guide radius = 1:0376cm. 


(3.2) Experimental Results and Their Analysis 


3.2.1) Method. 

The experimental procedure for determining the properties of 
| surface waveguide by the resonator technique has been given 
n detail by the authors! in a separate paper. For the present 
pplication the approach has been modified in a few respects 
oO as to meet the needs of this particular problem. 

The guide to be investigated (guide No. 1) was placed in the 
urface-wave resonator, as shown in Fig. 4. The length of the 
esonator was in all cases about 4ft, and as has already been 
lemonstrated,!5 it could not be made much smaller without 
ippreciably interfering with the purity of the surface wave. 
fhe resonator was then carefully aligned, and a thin nylon 
hread was used to prevent the guide from sagging. The micro- 
vave supply frequency was adjusted to establish resonance, as 
ndicated by the output from the crystal detector of the radial- 
leld-measuring instrument, and the resonant frequency was 
ioted. This was repeated at as many resonant points as possible 
Fig. 7) with the particular valve generator (CV129) employed. 
jach measurement of a resonant frequency was accompanied 
yy a careful determination of the resonator length to within 
| parts in 104, Finally, from a knowledge of the resonant 
requency, fy) = c/Ap, and the length of the resonator, the decay 
oefficient* a was calculated. With the help of the radial-field- 
neasuring instrument, an experimental field distribution curve 
Fig. 5) was plotted when required and compared with the 
heoretical one appropriate to the guide under consideration. 

The above procedure was subsequently repeated for guide 
No. 2. 

A third set of results was obtained using guide No. 2, but 
vith a slightly different length, so that the resonant points fell 
etween those of the original guide (Fig. 13). 


* The decay coefficient for guide No. 1 was predominantly real (|u| ~ a) since the 
uide surface impedance was predominantly inductive. — 
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Fig. 7.—Calculated and measured values of the percentage decrease 
in wavelength along guide No. 1 in relation to the free-space 
wavelength. 


Guide length = 116:91cm. 
Guide radius = 1:0376cm. 


(3.2.2) Properties of Perspex. 

To enable a comparison to be made between the experimental 
results and those obtained from a theoretical analysis it is 
necessary to know the electrical properties of the Perspex guide 
at the frequency employed, and in particular its permittivity 
must be determined to a high degree of accuracy. With that 
objective, a number of independent measurements were made on 
behalf of the authors by C. M. J. Watkins. 

A guide method (described briefly in Section 7.1) at 
Ay = 3:2.cm utilized a sample cut from the same Perspex rod 
as was employed to make guides Nos. 1 and 2. The mean 
value for €,, obtained from 12 separate measurements on different 
sizes of specimen, was «, = 2°617, with a total experimental 
spread of +0-009 and a standard deviation of 0-005. The 
corresponding result for the dielectric loss was tan 6 = 0:0077 
+0-0004. 

Other samples cut from a sheet of unplasticized Perspex of 
material similar to that used for the guides yielded a value of e, 
which was, within limits of experimental errors, the same as 
that obtained for the samples taken from the guide itself. 

For the purpose of calculating the theoretical results, the 
electrical properties of Perspex at Ay = 3:2cm were assumed 
to be 


€, = 2:617 + 0:007 
(27) 


tan 6 = 0:0077 


(3.2.3) Examination of Experimental Results. 
(3.2.3.1) The Identification of the Surface Wave. 


In order to identify a surface wave, a comparison was made 
between the radial field distribution curve (Figs. 5, 10A, 11A 
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and 12) obtained experimentally and the corresponding theore- 
tical curve. This comparison is accomplished with the help of 
an “identifying line,’ by the procedure previously described! in 
detail for the case in which uw is predominantly real. For the 
present experiments it was necessary to employ values of uw 
which were complex and whose imaginary parts often exceeded 
the real parts. The procedure therefore had to be modified as 
follows. 

Let f(x) be a function of x that depends on a coefficient v 
in the following manner: 


f(x) = AF(»x) (28) 


where A is a constant. The coefficient v (if real) can be found 
as follows: Suppose x, < x, and let the “identifying constant” 
be n 


where INE 2 a Se” J eee) 


with “‘identifying ratio”’ 

F(vx2) F(X) 
F(vx,) FX) 
then we can plot an “identifying curve’’ representing p,,(X,) 
against X,, over any required range, for a given value of n. 


If v is complex we assume the following definition of the 
identifying ratio: 


PAX D 


a P, AX) = (30) 


He |F(@vx>)| zt |F(X>)| 
|F@x,)| — |FX)| 


where ph(X,) = ph(v), and eqn. (31) represents an identifying 
curve of |F(X)| for a given value of ph(). 

The coefficient v as a complex quantity is evaluated as follows: 
From the graph of |f(x)| we tabulate the ratio |f(x,)|/|f@)| 
against x, for a suitable value of n. Then it is obvious that, if 
ph(X,) has been chosen correctly, 


|f@%2)| _ 
|f@p| 


so that if we read off from the identifying curve corresponding 
values of |X,| and plot them against x, we obtain a straight line 
(identifying line) passing through the origin, whose slope is |»|, 
‘whilst ph(v) is equal to the phase angle of X,. On the other hand, 
if the identifying line does not turn out to be a straight line the 
phase angle of X, has been chosen incorrectly, and another value 
must be tried. 

_ The functional identification and the evaluation of a complex 
parameter, v, as described above may seem a lengthy process, 
but in practice, once an appropriate set of identifying curves 
have been obtained, the procedure is quite quickly carried out, 
as will be seen by the following example. 

The readings of the radial-field-measuring instrument are 
proportional to the magnetic field strength. Thus, if the field 
inside the resonator represents a pure surface wave, the readings 
of this instrument are, as a function of radial distance r, repre- 
sented by 
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f(r) = A|H(jur)| (32) 
We choose a convenient identifying constant n = 2, say, 
so that nis 2 Zeke t ek ee) 
Ler | rae 
HW (jur Hj 
and pi) = | i (jur)| ne | 1 (iX)| (34) 
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A family of identifying curves is now plotted (Fig. 8), and these are 
graphs of p2(X,) against |X,| with ph(X,) = ph(u) as a parameter. 
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Fig. 8.—Identifying curves for the function [HY jur)). 
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The decay coefficient, , is evaluated as follows. Consider the 
experimental field distribution curve shown in Fig. 5. We 
tabulate from the curve the ratio f(r2)/f(r,) against r, for n =2, 
and since this must be equal to p>(X,), we refer to Fig. 8 to find 
the corresponding value of X, for a chosen angle ph(X,) (say 0°). 
We then plot |X,| against r; to obtain a straight line (Fig. 9) 
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Fig. 9.—Identifying line for the field-distribution curve in Fig. 5. 
Measured slope of line = 7-6m—1 


PAG a 
Theoretical value of decay coefficient = 10m—!. 

that should pass through the origin. Unless the phase angle of 
X, has been chosen incorrectly, the linearity of the identifying 
line is a measure: of the purity of the wave, and its slope gives 
the value of |u|. 

Figs. 10a, 114, and 12 show three different decay curves, 
and their respective identifying lines are in Figs. 10B and 11B, 
all referring to the same guide but obtained at different frequencies. 


(3.2.3.2) The Guide Wavelength. : 
A direct method of determining the properties of dielectric 


guides at a given frequency would be to have a number of guides 
made of the same material but of different diameters and then 
to measure the guide wavelength for surface waves supported by 
each of the guides in turn, at the same frequency. Since the 
constants of Perspex (u, €, and o,) do not vary appreciably with 
frequency, it is more convenient and equally useful to investigate 
one guide at a number of different frequencies, as discussed aboy 
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Magnetic field strength, arbitrary units 


Distance from the axis of the guide, cm 


Fig. 10A.—Magnetic-field-distribution curve for guide No. 2, and 
giving point D in Fig. 13. 
Guide length = 116:90cm. 


Guide radius = 0-97815cm. 
Ao = 3-1320cm. 


r.cm 


Fig. 108.—Identifying line for the field-distribution curve in Fig. 10a. 
Measured slope of line = 19-4m~-1. 


; ph(X%1) = 0°. ; 
Theoretical value of decay coefficient = 20:6m—!. 


The quantities measured are the resonant frequency fy = c/o 
and the guide wavelength Ap These two quantities enable us to 
calculate the decay coefficient, a, provided that the guide surface 
is predominantly reactive, e.g. guide No. 1 (Fig. 6). 


In general it can be shown that 


1 AA dr 
7) a 


The percentage decrease in wavelength of the surface wave, 
i.e. (AA/Ap)100, is an important quantity and has been plotted 
from the experimental information for guides Nos. 1 and 2 
(Figs. 7 and 13), together with the theoretical curves. These 
theoretical curves were calculated using the formulae in Section 2 
and the constants given in eqn. (27). 

The experimental errors, as indicated in Figs. 6, 7 and 13, 
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Magnetic field strength, arbitrary units 
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Distance from the axis of the guide, cm 


Fig. 114.—Magnetic-field-distribution curve for guide No. 2, and 
giving point B in Fig. 13. 
Guide length = 116:90cm. 


Guide radius = 0:97815cm. 
Ao = 3+2452cm. 


r,cm 


Fig. 118.—Identifying line for the field-distribution curve in Fig. 114. 
O ph) = 80°. 
® ph(Z) = 75°. 


Measured slope of line = 8-Om-—!. ea’ 
Theoretical value of decay coefficient = u = 6-8\55°m—}. 
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Magnetic field strength. arbitrary units 


Fig. 12.—Magnetic-field-distribution curve for guide No. 2, and 
giving point C in Fig. 13. 
Guide length = 116-90cm. 


Guide radius = 0:97815cm. 
do = 3-2868cm. 
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Fig. 13.—Calculated and measured values of the percentage decrease 
in wavelength along guide No. 2 in relation to the free-space 


wavelength. 
Guide radius = 0:9781(5)cm. 


@ Experimental points for guide length of 116-90 cm. 
© Experimental points for guide length of 116-28 cm. 


have been calculated on the assumption that the error in Ag is 
+1 part in 104 (wavemeter errors) and that the guide wavelength 
A, has been determined with an error not exceeding 5 parts in 104. 
The field-distribution curves shown in Figs. 5, 10a, 114 and 
12 correspond respectively to points A, D, B, and C in Fig. 13. 


(4) CONCLUSIONS 


Previous experiments by the authors! on the use of a single 
isolated conductor as a waveguide left no room for doubt that 
the axial cylindrical surface wave (Ej, mode) is a physical 
reality when the impedance of the surface of the guide is inductive. 
We should expect that if the radius of the guide were increased 
indefinitely the field distribution would ultimately take the form 
of a Zenneck wave, and at the same time the phase velocity along 
the surface of the guide would change from a value rather less 
than the free-space velocity to a value which is slightly greater. 
Although the excitation of a Zenneck wave propagated over a 
highly inductive flat surface has been demonstrated experi- 
mentally,* there is so far no confirmation that a similar surface 
lightly loaded is capable.of performing the same kind of service, 
and in fact there has been wide controversy on that subject (see 
Section 7.2). Very considerable analytical difficulties have been 
met in attempting to provide an answer to the problem, and the 
direct experimental approach has proved almost equally 
inconclusive. 

Whilst the authors do not claim to have resolved the difficulty 
completely, they can’ justifiably conclude from the experiments 
described here that there is no doubt at all about the physical 
reality of an axial cylindrical surface wave having a phase velocity 
along the guide greater than the corresponding free-space value. 
It has been established that, not only is a capacitive surface 

* Experiments now in progress at University College, London, have established 


that radial cylindrical surface waves can be supported by flat metal surfaces thickly 
coated with Distrene. 


BARLOW AND KARBOWIAK: AN EXPERIMENTAL INVESTIGATION OF AXIAL 


capable of supporting a surface wave of this kind, but, within 
the limits of experimental error, such waves were found to vanish 
completely when the threshold of the conditions necessary for 
maintaining their support in the capacitive Togion was approached 
exactly as predicted by theory. 

As already explained, the use of a dielectric-rod waveguide was 
helpful in that it lent itself to following the effect on the sur- 
rounding field distribution of the transition from an inductive 
to a capacitive surface. With the larger-diameter guide, which 
was inductive, the results (Figs. 6 and 7) conform to the usual 
pattern expected from calculation, except that they seem to 
indicate that the bulk permittivity of the Perspex used is 2-610 
(the lower limit of the value obtained from measurements on 
small specimens) rather than 2-617. The scatter of the experi- 
mental resonant points is perhaps larger than would normally be 
expected, but the surface finish of the guide at this stage was not 
as good as it might have been. 

The results of the crucial test are exhibited in Fig. 13, and this 
shows beyond any doubt that a surface wave whose phase 
velocity exceeds that of light can be Jaunched. A study of 
Fig. 13 together with Figs. 5, 104, 11A and 12 reveals that the 
surface waves considered in these experiments were not parti- 
cularly pure; this impurity was not a consequence of the 
phase velocity exceeding that of light but arose rather from the 
high attenuation of the guide. Furthermore, much more pro- 
nounced impurity became evident just prior to the guide failing 
to support a surface wave (point C in Fig. 13 and the corre- 
sponding curve, Fig. 12). 

It has been pointed out that Perspex is not the ideal material 
as regards its electrical properties for use as a guide, since it 
gives rise to excessive attenuation. Perspex has a permittivity 
of the right value and has good machining properties, but its 
loss tangent (tan 6) is much too high. A desirable figure for the 
loss tangent is of the order of 0-004, and whilst a dielectric guide 
whose loss tangent is less than, say, 0-002 would naturally provide 
for a purer surface wave, the precision with which such a guide 
would have to be machined, to obtain a capacitive surface 
impedance of the right order, would be impossible to attain in 
practice. 

In general, the impurity content of the wave prevented close 
agreement between the experimental value of the radial propa- 
gation coefficient, u, as deduced from the decay curve and the 
corresponding theoretical value. The purity of the wave 
improves as the decay coefficient decreases, but when the decay 
coefficient is very small (Fig. 12), a new source of impurity 
becomes pronounced owing to diffraction of the wave at the 
edges of the surface-wave resonator. 

It might be argued that the analysis of the field-distribution 
curves, by reason of their impurity content, should be rejected, 
but even so, there is still no escape from the evidence supplied 
by Fig. 13, which is in quantitative agreement with the theory. 
It was found possible to get resonant points for the system to 
the left of the line A-A but not to the right of that line. This 
corresponds exactly to the statement that the operative range of 
ph(u) is 0 to —90°. 

These experiments show, therefore, that an axial cylindrical 
surface wave can be launched over an appropriate guide for all 
values of the radial propagation coefficient, which, in relation to 
the surface wave, satisfies Maxwell’s equations. This conclusion 
is drawn in spite of the fact, which is clearly manifest, that a 
perfectly pure surface wave cannot be launched because the 
field must satisfy Sommerfeld’s radiation condition at an infinite 
distance from the origin. Furthermore, there is little doubt that 
a ring of magnetic-current filaments concentric with the guide 
would launch a surface wave over any cylindrical surface for 
which ph(u) lay anywhere in the range 0 to —90°. 
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(7) APPENDIX 


7.1) Measurement of Relative Permittivity and Dielectric Loss of 
Perspex . 


The principle of the method employed to measure the relative 
yermittivity of a sample of Perspex, cut from the rod used as a 
suide in the surface-wave experiments, is well known,!3 but some 
nodification of the usual arrangements was found to be necessary 
O meet the requirement of high accuracy in this application. A 
hort length, /, of the Perspex was cut to fit inside the guide of a 
tanding-wave indicator operated in the 3cm waveband and 
erminated by a short-circuiting plunger introduced into the 
nd of the guide. This eliminated any couplings and errors that 
night arise from them. With the probe of the standing-wave 
ndicator set in a convenient fixed position, the guide wave- 
ength with the sample of Perspex removed was first measured 


\ 


321 


by moving the plunger towards the source and observing the 
distance between two minima recorded on the probe. 

The Perspex was then inserted in the standing-wave indicator, 
and by pushing the sample towards the source with the short- 
circuiting plunger, a new position of minimum field at the fixed 
probe was obtained. Provided that the length of the sample of 
Perspex is small and approximately equal to an integral multiple 
of half the guide wavelength, the input impedance of the air- 
filled guide is thus accurately re-established with the Perspex in 
position so that «, can be readily calculated. Since the probe 
was kept in the same position throughout the tests no errors 
were introduced by variations of probe penetration, whilst the 
position of the plunger could be read to an accuracy at least of 
+0-0005cm. In this way two separate samples of Perspex were 
examined, and three independent measurements were made on 
each, with the incident field first on one face of the Perspex and 
then on the other. 

In calculating ¢, a transcendental equation of the form 
f(p) = (tan p)/p has to be solved. For finite losses in the dielectric 
Pp is complex with a small imaginary part and is represented by 
p=fl+ jal. Thus, using Taylor’s expansion theorem and 
introducing 0/dp[f(p)], we find that the error in f(p) arising from 
the imaginary part of p is a minimum when the length of the 
sample, /, is an integral multiple of N,[2. 

By using the value of ¢, obtained as described, and carrying 
out another series of measurements of open- and short-circuit 
impedances employing a method similar to that described by 
Essen!4 in its application to cables, a corresponding value of 
tan 6 was derived to a rather smaller degree of accuracy. 


(7.2) Conditions required for Launching and Support of a Surface 


Wave 


There is no doubt that a great deal of confusion has arisen 
regarding the conditions required for the physical existence of 
the Zenneck surface wave.34 Rice> and Wise® claim to have 
established mathematically that such a wave does not form 
part of the field generated by a vertical dipole when energized 
and placed above the surface of a plane earth. On the other hand, 
a number of papers7-!9 have been published showing analytically 
that a plane surface wave is in fact launched by a vertical dipole 
located over a loss-free reactive surface. Moreover, it has been 
demonstrated experimentally that an axial cylindrical surface 
wave can be supported by a variety of different guides, but in 
all cases, prior to the present work, the phase velocity of such 
waves was found to be less than the velocity of light. This 
feature of the axial cylindrical surface wave which apparently 
distinguished it from the Zenneck wave seemed to indicate a 
radical change in its behaviour, and it was this implication 
coupled with the work of Rice and of Wise that raised the 
important issue as to whether there was a gradual or a sudden 
change of guiding properties in the transition from one form of 
surface wave to the other. It was therefore particularly relevant 
to inquire whether an axial cylindrical surface wave could be 
made to travel faster than light and whether the phase velocity 
or the position of the pole that occurs in the complex plane of 
the propagation coefficient has any particular significance in the 
matter. It is of interest to note that in a recent paper, Ott 
claims to have disproved the conclusion reached by Wise. 

In formulating an analytical solution to the launching problem 
of the surface wave (from a line source in the case of a plane 
surface wave, and from a ring source in the case of the cylindrical 
surface wave), we arrive at an integral solution to Maxwell’s 
equations, and the difficult part of the analysis is the exact 
interpretation of the integral expression. This integration is 
carried out in the complex y-plane (Fig. 14), and the important 
consideration is the presence of two branch points, B, and B,, 
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Fig. 14.—Complex y-plane. 


and two poles, P; and P,. The branch points are located on the 
imaginary axis as indicated in Fig. 14, and their position is 
independent of the guide surface impedance. The position of the 
pole, on the other hand, is determined by the value of Z,; and 
in particular if |Z,| < Zo, |u| <|Ko| and the position of the 
poles is given by 


phe henna Sar ; Ao \2|u|? 
tiv — K)= biy E ! G2) 5 24] (36) 


Thus for constant |u|, the pole in the upper half-plane is always 
located on the arc of a semicircle centred at the branch point 
and of radius (Ag/27)?|u|?/2. As ¢, passes through all values 
from 0 to —90° (while |u| is constant) the pole describes the 
arc ABC. When ¢, = — 45°, the pole is at B, so that in this 
case ¥(y) = 8 = — jKo and the surface wave (if launched) 
travels at a phase velocity substantially equal to that of light. 
The problem involves integration along the whole of the 
imaginary axis (from + 00 to — oo), and the expression obtained 
is subsequently transformed into a contour integral by closing 
the path of integration with a large semicircle (radius -> 00) as 
shown in Fig. 15 and applying Jordan’s lemma. The result of 
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Fig. 15.—Path of integration in complex y-plane. sit 


integration is the residue at the pole P, and the branch-cut 
integral. The former yields the surface-wave term and the 
latter furnishes the radiation field plus possibly a surface-wave 
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term. Thus, in some circumstances, unless the branch-cut 
integration can be carried out accurately, we have no conclusive 
information about the existence of the surface wave. The 
position of the pole in the plane of y plays an important part in 
the solution of the problem. In particular, it is easy to show by 
application of the method of steepest descent that, if the pole P, - 
is on the imaginary axis [ph(u) = 0] the asymptotic solution to 
the problem is a surface wave, but for any other position of the 
pole the field at large distances from the launching point is. 
substantially the radiation field. 

With the plane surface wave the coefficient u is directly pro- 
portional to Z,, and we have | 


k= — KZ) 


so that ph(u) = — 90° + ph(Z,). Thus if we keep |Z,| constant 
and vary ph(Z,) through all the values from 90° to 0°, the pole 
will describe the arc ABC. For example, when ph(Z,) = 45°) 
(conducting earth) the pole is at B and the wave travels with a 
phase velocity substantially equal to that of light. However, 
for predominantly reactive surfaces [ph(Z,) > 45°] the pole is 
on the arc AB and the corresponding phase velocity is less than 
the velocity of light. On the other hand, when the pole is on the 
arc BC (predominantly resistive surface, e.g. dielectric earth) 
the surface wave travels with a phase velocity in excess of that’ 
of light. 

With the cylindrical surface wave the relationship between 
Z, and wu is given by eqn. (3) instead of eqn. (37), so that for 
any given value of Z, the angle ¢, is less than it is with the plane 
surface wave. Thus the corresponding pole for a cylindrical 
surface wave is located on a semicircle ABC of a larger radius 
than is appropriate to a plane surface wave, and the angular 
position of the pole 2¢,, is smaller with the cylindrical form of 
the wave. For this reason the cylindrical surface wave when 
supported by a plain conducting wire travels with a phase 
velocity less than that of light, and to obtain conditions 
resembling those of the Zenneck wave (when supported by the 
earth at a frequency of about a few megacycles per second) a 
capacitive surface must be provided. 

It is concluded, therefore, that a surface wave can exist for all 
positions of the pole to the right-hand side of the imaginary 
axis in the complex plane of y. The experimental evidence 
strongly suggests that it must be possible to launch a Zenneck 
wave over a plane earth, including the case of the dielectric earth 
(almost purely résistive surface impedance). At the same time, 
there is no doubt that the “‘efficiency” of launching a surface 
wave is a function of the surface reactance, and the smaller the 
reactive part of Z, (other factors being equal) the lower is the 
efficiency of launching. Moreover, the maximum surface-wave 
purity that it is possible to achieve is limited by the magnitude 
of the resistive part of Z,, and other factors being equal, the larger 
R, the higher the guide attenuation, and consequently the smaller 
will be the maximum attainable purity. 

Although, as the authors firmly believe, a Zenneck wave is 
present in the field produced by an oscillating dipole over a 
plane earth, it cannot be distinguished by simple measurements — 
on account of the large impurity content of the field. Indeed, 
the proportion of the Zenneck wave in such circumstances must 
be very small, and only highly discriminating measurements — 
could be expected to detect its presence.* The series of experi- 
ments described in the paper were designed to circumvent thes 
difficulties and provide the necessary evidence in a different way. 


(37) 


* For this reason the measurements due to Burrows!? should perhaps be reg 
as inconclusive in giving evidence for or against the presence of the Zenneck wa 
which must in the circumstances have been of very small magnitude. 
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OF ELECTRICAL SIGNALS, 


i‘. SUMMARY 

' Equipment has been made for the recording of electrical signals and 
‘their reproduction or play-back, providing an accuracy comparable 
with that of typical electrical instruments. The errors are about +1% 
‘over most of the range, but increase at the maximum amplitude and 
frequency; the frequency range is 0-1 kc/s. The equipment is primarily 
‘intended for the recording of experiments of short duration or a non- 
‘repetitive nature and their subsequent reproduction for study or 
analysis; a particular feature is the facility for reproduction on a 
ichanged time scale, which may be faster or slower than real time. 

|) It is thought that the apparatus offers a significant addition to 
jexperimental technique, particularly when used in conjunction with 
an electronic analogue computer. 

| Cinematographic methods are employed. A simple film-traversing 
mechanism is used, with a variable-speed drive. Appropriate optical 
units are attached to it for recording or reproduction. One type of 
‘recording unit gives variable-density tracks on the film; it uses variable- 
intensity discharge lamps the outputs of which are monitored by 
photocells, to provide negative feedback to the amplifier. Precision 
‘photographic processing methods have been evolved for this applica- 
ition. An alternative optical unit gives variable-width tracks, using 
modified Duddell oscillographs and being based on standard cinemato- 
graphic practices, including processing. This unit was made to 
‘determine the relative suitability in use of the two techniques, and 
practical experience shows that it gives significantly greater accuracy, 
constancy of calibration and reliability in operation. Subsidiary 
equipment provides for recording on film, mechanical signals, data 
feauscribed from other recording apparatus or numerical data applied 
! 


manually; this is of value for certain types of analysis using the 
analogue computer. The importance of making the equipment suitable 
for use by non-specialist operators has been recognized during the 
design period. 

| On reproduction from the records, the light transmitted through 
each track is measured with a photocell, the outputs from the equip- 
ment being presented as voltages; the film provides two tracks carrying 
independent information of high accuracy, and a third track for 
timing marks or a reference frequency. 

__ A thorough discussion is given of the considerations underlying the 
design of the equipment, and results of experiments are presented to 
show the performance attainable and the types of error which occur. 
In Appendix 11.2 a summary is given of the major features of the 
cinematographic, magnetic tape and disc methods of recording, when 
used for this application. It is concluded that a comprehensive 
installation might include equipment of more than one type. 


(1) INTRODUCTION 
(1.1) General 


- Equipment has been developed for the recording of electrical 
signals and their subsequent reproduction or play-back; the 
apparatus is intended to be an adjunct to electrical measuring 
equipment, and therefore has to provide an accuracy comparable 
with that usually associated with typical electrical instruments. 
Quantitatively, this requirement has been interpreted by attempt- 
ing to reduce the errors to 1%, while it has been considered that 
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any error as great as 20% would render the equipment virtually 
worthless. In comparison with the many well-established 
techniques of sound reproduction this requirement represents 
a reduction of errors by about one order of magnitude, and the 
difference is symbolized by the expression of the errors as a few 
per cent rather than as a few decibels. 

The primary application of the equipment is for the recording 
of the results, expressed as electric signals, of experiments of 
short duration or of a non-repetitive nature, and for their 
subsequent reproduction for study or analysis, particularly in 
conjunction with an electronic analogue computer. Subsidiary 
applications which have been envisaged include the correlation 
of the results of some experiments with others taken at another 
place or time; the reproduction of results which require complex 
analysis (see Appendix 11.1); or the reproduction of results on 
a different time-scale, which may be either faster or slower than 
real time. In certain applications the equipment may be of value 
as a means of reducing the complexity of the apparatus in use at 
the time of the experiment, with a consequent net gain in 
reliability and an increase in the likelihood of obtaining useful 
results from the experiments. 

The equipment is, of course, supplementary to existing methods 
of recording, usually involving a cathode-ray tube and moving- 
film camera, which provide no means of reproduction other than 
visual inspection or point-by-point measurement. However, it 
is probable that the recording accuracy called for in the equip- 
ment described is greater than that normally provided. 


(1.2) Review of Earlier Work 


The development of this equipment followed an investigation 
and manufacture of prototypes at the Admiralty Signal and 
Radar Establishment carried out by H. W. Pout, assisted first by 
E. N. LeFevre and later by K. W. Thwaites. During the war it 
became increasingly apparent that weapon-system trials demanded 
the collection and reduction of large quantities of data which, 
employing the methods of recording and analysis then available, 
would have required about 20 man-years for each year of trials. 
Furthermore, at the end of the war this situation seemed likely 
to deteriorate as the weapon systems became more complex, and 
it was concluded that improved techniques would be essential 
for the planning of large-scale experiments and for the recording 
and analysis of their results. Early in 1947, consideration was 
given to the problems of recording such data and no less than 
thirteen schemes were reviewed, employing various electro- 
magnetic, electrodynamic, electrostatic and optical methods. 
The most promising technique appeared to be a cinematographic 
process, based on variable-density records exposed with a new 
type of controllable discharge lamp. Work had begun on a 
recorder by the end of 1947 and the first negatives were produced 
by May, 1948. An intensive programme of development of the 
lamps followed, in co-operation with the manufacturers,! an 
important feature of which was the design of equipment and the 
testing of the light output and performance of each variant of the 
lamp as it was made. The design of the lamps was finalized by 
mid-1949. 
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In addition, a programme was executed in co-operation with 
a leading cinematographic processing laboratory to establish the 
conditions which give the highest possible precision of processing 
of these variable-density records. This was an important factor 
in making the method usable. 

The work with the prototype apparatus was taken to the stage 
of showing that the system adopted could meet the requirements 
of this application, and the further development of the equipment, 
which is the basis of this paper, was begun late in 1950. Par- 
ticular attention was then given to making the equipment suitable 
for a wide variety of applications. 


(1.3) Choice of Technique for Recording and Reproducing 


Three techniques have been surveyed for this type of recording 
and reproduction of signals—cinematographic, magnetic tape 
and disc. It is appropriate to consider their particular features, 
as set out in Appendix 11.2, rather than make any direct com- 
parison between them, and it is probable that in any compre- 
hensive installation it would be desirable to have a variety of 
recording equipments. In fact, the choice of technique for any 
particular application is often dependent on one or two over- 
riding considerations, which may be unexpected from the 
technical point of view. Thus, in sound reproduction, discs are 
used for radio programmes owing to the immediate and certain 
access to any item in the record, and to their great storage 
capacity. In gramophone recording, magnetic tape is used for 
the master record since it may be readily transported from the 
place of recording to the factory, and it permits editing and 
rejection of errors in performance which may occur during the 
20 or 30min recorded on one matrix. For commercial gramo- 
phone records, the pressed disc is unrivalled for ease of manu- 
facture in quantity. In the cinema industry, cinematographic film 
is preferred for ease of editing and synchronization of the sound 
with the picture. 

In the application for which the present equipment was made, 
the preliminary assessment led to the choice of cinematographic 
recording. The primary considerations governing this decision 
were the accuracies required, both with respect to the amplitude 
of the signal and also the time-scale of the reproduced informa- 
tion; the ability to change the time-scale over a wide range; and 
‘the need for simplicity of the equipment for recording, which 
might be operated by non-specialist personnel. In addition, it 
was visualized from the start that the work might result in an 
investigation to determine the degree of accuracy attainable from 
cinematographic systems when used in connection with the 
measurement of electric signals instead of with sound recording. 

Supplementary requirements of the equipment were the ability 
to record and reproduce frequencies in the range 0-1 000 c/s, 
although some increase of error (—10 or —15%) would be 
acceptable at the maximum frequency; and the provision of two 
independent recording channels, with a third for recording 
timing or identification signals, of inferior accuracy of repro- 
duction. Moreover, the recording equipment should be portable 
and rugged, and suitable for operation from electric supplies of 
poor stability. 

A further part of the equipment was a device which would 
record data fed into it manually, or mechanically, by the setting 
of control knobs or use of a keyboard. This would permit the 
analysis of data available in discrete units, or the combination of 
such data with the other experimental results, by reproducing 
such a film in synchronism with one of the experimental records. 
For example, if the data recorded manually were a sinusoid this 
would permit the Fourier analysis of the waveform of the original 
signal by means of an appropriate computer. This apparatus is 
described in Section 6. 
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(1.4) Choice of Photographic Method 


It is probable that most of the requirements of the equipmen 
could have been met by a system of photographic recording usin; 
the binary digital system. An accuracy of 1% requires onl 
relatively few digits to a “‘word,” the upper limit of frequenc 
could probably have been obtained without undue difficulty, anc 
the resolution of photographic film would be sufficient to avoi 
excessive consumption of film. However, the method wa: 
rejected on the grounds of the complexity of the equipment 
mainly electronic, required at the time of recording. 

Analogue methods of photographic recording, in which ths 
shape or the light-transmission of the record is proportional t 
the signal, fall into two groups. First, there are standar 
cinematographic sound-recording techniques or development: 
from them; these were chosen, since it was possible to utilize 
much of the experience and facilities offered by the cinemato 
graph industry. Secondly, there are methods using cathode-ray 
tubes; when the work was begun there were techniques available 
which permitted a deflectional accuracy of 1% with a cathode-ray 
tube, even allowing for the distortions arising from optica 
refraction in the glass face and the residual instability of the high 
voltage power supplies. But it was visualized that compensatiot1 
would have been required for the variation of exposure with the 
writing speed of the spot, and complexity seemed unavoidable 
On reproducing or reading the films, a cathode-ray tube migh 
also have been used. An exceptional deflectional accuracy woul 
still have been required and in addition means to give correctior 
for the inevitable lateral weave of photographic film as it mover 
through the traversing mechanism. It might have been necessary 
to introduce some form of lateral modulation or displacement o 
the spot, at a carrier frequency, with attendant demodulatioi 
circuits. An objection in principle is that such a system does no 
take advantage of the very great amplification of light trans 
mission which is attainable with the photographic process: thi 
light intensity used in reading is similar to that used in recordings 
(the Juminous flux is small, and often calls for electron-multiplie: 
photocells); but in a typical photographic system, of reasonable 
optical efficiency, the luminous flux transmitted through ths 
developed image may be several orders of magnitude greate 
than the flux required for the exposure. 

While improvements have no doubt occurred in the cathode: 
ray tubes and the circuits for using them, it would seem unlikely 
that any such system could offer the simplicity which has beer 
obtained with the more ordinary method. 


(2) GENERAL DESCRIPTION OF THE EQUIPMENT 


The form which the equipment has taken may be describec 
with reference to Fig. 1. A simple film-traversing mechanism i 
provided, the film being driven by a variable-speed motor of the 
servo type, electronically controlled. This mechanism is used 
for both recording and reproducing, appropriate optical units 
being attached to it. 1 

A variable-density recording system based on the prototype 
was first made, using the gas-filled discharge lamps as variable: 
intensity sources. These offer relatively good frequency response 
and linearity between applied signal and light intensity, and theit 
performance was improved by introducing overall negative feed- 
back, monitoring the light output with a photocell. With thi 
system, precision photographic processing is required. Th 
electronic units have throughout been made in the form 
conveniently-sized boxes to permit of easy transportation 
of the use of the equipment in confined spaces. The units 
connected together by multiway cables. 

Variable-area recording optical units were also made, as 
alternative, to compare the usefulness of the two systems 
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practical conditions when the equipment would be regarded 
merely as a tool. This system was based on standard practice, 
using modified Duddell-type oscillographs. 


Variable-density recording 


control 


Recording 
amplifier 


Reproducing 
_ | Optical Lamp powe 
unit supply 
From photocells 
mechanism [amplifier pack 


Fig. 1.—Block diagram of components of recording and reproducing 
equipment. 


_ For reproduction, a simple optical system is attached to the 
film mechanism, throwing a narrow line of light across the print. 
Light transmitted through the appropriate parts of the print is 
detected by photocells, mounted behind the film gate in the 
mechanism. 

A separate film mechanism is used for the recording of data 
applied manually, providing an adjustable intermittent motion 
of the film. The data are introduced by setting knobs on an 
optical unit and are recorded by pressing a foot-switch. Prints 
from films so exposed are reproduced on the other equipment. 


(3) THE FILM TRAVERSING MECHANISM 


- In order to meet the requirement for uniformity of motion of 
the film or tape, the design of mechanisms for the movement of 
film is often based upon the use of a free-running roller or drum, 
of relatively large inertia. The film is held in contact with the 
drum and usually serves to drive it. A loop has to be provided 
on either side of the drum, to isolate any irregularities of motion 
introduced from the spools, and it is normal to give some form 
of damping to prevent the development of an oscillatory con- 
dition within these loops and the drum. Alternatively, a more 
direct form of film drive may be used, with a vibration-damping 
device to eliminate irregularities of motion introduced from the 
motor or reduction gearing. 

Tn the present application, it was thought that the requirement 
of the wide range of speeds of movement of the film would make 
it very difficult to obtain satisfactory operation with such a 
system; indeed, at certain speeds excessive irregularities might 
ave been introduced. Consequently, the film drive was designed 
round a standard toothed film sprocket, driven through spur 
searing from the variable-speed servo motor. 

The equipment provides film speeds with a high degree of 
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constancy over the range 10-lin/sec, used for recording; all 
normal variations of load and of voltage or frequency of the 
electric supply do not give errors greater than 1 % at any setting. 
Continuous adjustment is provided below this speed, down to 
zero, but the reduced output from the tacho-generator associated 
with the motor results in a progressive impairment of the 
constancy of film movement; at 0-02in/sec the motion still 
appears uniform, and measurements have not shown errors 
greater than 3%. In addition, there is a short-period irregularity 
which is associated primarily with the teeth on the gear-wheel 
driving the main sprocket-shaft. This can be detected as a slight 
frequency-modulation of a high-frequency signal or an amplitude 
modulation of a variable-density recording. In the absence of 
special test gear, it was measured by exposing film with a narrow 
transverse line of light and analysing the consequent density 
fluctuation. The method did not permit great accuracy, but at 
the maximum film speed it indicated an irregularity of peak 
amplitude of +1% and of frequency of about 600c/s. No 
irregularity has been observed at a wavelength corresponding to 
the spacing of the sprocket holes. 

Throughout the development of the equipment, the facility for 
changing the speed of film movement has been invaluable, and 
it has also been a great simplification to be able to make certain 
measurements on the film while stationary in the mechanism. 
Furthermore, at the time of the equipment going into service, the 
great majority of applications envisaged make use of this facility, 
the speed on reproduction being either slower or faster than on 
recording. One particular example of the latter case is the 
recording of the performance of a mechanical system and its 
play-back for analysis in an electronic computer, thus to some 
extent bridging the disparity of the time scales of mechanical 
and electrical systems. 

The mechanism has been designed round commercially 
available film cassettes and sprocket-shaft asserhblies, and has 
been based on standard cinematographic practices wherever 
possible, particularly with respect to the angle of wrap of the 
film on the sprockets, leading the film on to and off the sprockets, 
and the provision of loops to isolate the film in the gate from 
disturbances. The cassettes, holding 400ft of 35mm film, may be 
loaded into the mechanism in daylight, and when the upper 
feed-cassette has been emptied it may be placed in the lower 
position to take up the next length of film. The take-up drive, 
which is sometimes a rather hazardous feature of cinematographic 
equipment, embodies a slipping clutch in which a metal disc is 
partially gripped between two Oilite discs, adjustably spring- 
loaded; the design permits ready observation of whether the 
take-up is working correctly. The system has proved satis- 
factory. A footage counter is provided. 

A straight film gate is used, with the photocells used for 
reading the film mounted in a block behind it. The straight gate 
was necessary for the transcriber unit (used for intermittent 
recording) and its use in the mechanism for continuous recording 
and reading permitted the same basic design for the two machines. 
The alternative, of carrying the film past the exposing position 
on a large-diameter sprocket, might possibly have given slightly 
less irregularities of film speed, but would have made it difficult 
to read the film with the photocells. 

Jointed film may be run, but no provision is made for using 
long loops of film which would have needed extra rollers to bring 
out the film and a holder for the loop. The mechanism does not 
work in reverse, but means are provided to creep the film back- 
wards, to position a particular point on the record in the gate, 
although the take-up must then be turned by hand. 

Certain computations, for example auto-correlation, may 
require two mechanisms running in exact synchronism; a small 
modification permits them to be coupled together mechanically. 
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(4) THE VARIABLE-DENSITY RECORDING EQUIPMENT 
(4.1) General 


The preliminary work (see Section 1.2) had established the 
feasibility of variable-density recording for the present applica- 
tion, using variable-intensity discharge lamps and precision 
photographic processing. The equipment promised to be small 
and light in weight, unaffected by mechanical vibration and with 
simple optical components. Experience also revealed other 
features of the lamps. First, their light output and linearity 
were dependent on their temperature, which necessitated—for 
this application—enclosure of the lamps, circulation of air and 
thermostatic control at 140° F + 1° F. Secondly, the light output 
for a given current was influenced by the previous history of the 
lamp, and the optimum performance was not often obtained 
after a life of 100 hours. Thirdly, some lamps would develop 
irregular operation, corresponding to noise, or would become 
difficult to strike, although it is understood that this has been 
made less serious in lamps of recent manufacture. 

Consequently, it was decided to develop a system whereby the 
luminous output of the!/lamp was monitored by a photocell, 
which introduced negative feedback to the amplifier providing 
the current to the lamp. Thus to a first approximation the 
accuracy of the system was transferred from the lamps to the 
photocells; other advantages followed, including improved 
striking and the avoidance of thermostatic control. The price 
to be paid was a considerable complication of the electronic 
equipment, so that much of the original simplicity was lost. 


(4.2) Variable-Density-Recording Optical Unit 


The optical unit for variable-density recording, shown in 
Fig. 2, is made to be attached to the film mechanism, Each 
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photocells; the angle of collection of light for monitoring is 
therefore the same as that for exposure on the film, a point 
which the preliminary work had established to be important. 

Each of the two lamps for recording information is horizontai 
and inclined slightly to the optical axis in plan view. A third lamp 
is provided, and to permit the tracks to be close together on the 
film this lamp is mounted vertically and the light path from it is 
brought in by a mirror between the light paths of the two other 
lamps. This comparison lamp, the light output of which is not 
modulated, is used in conjunction with features in the repro- 
ducing system to give some cancellation of any effects which 
influence the whole film or the modulated and unmodulated lamps 
together; it is a most important feature of the system, and it is 
extremely doubtful whether without it adequate performance 
from the variable-density system could have been obtained. 

A fourth lamp with a rectangular aperture over the end of its 
discharge is reflected by a mirror into the objective lens. This 
gives the additional track on the film for timing marks or a 
reference frequency, and not being monitored, gives inferior 
amplitude accuracy. The three important tracks are each 
0-15 in wide and are placed within the standard cinematograph 
picture area; the timing track is of standard sound-track width 
and position. 

For each speed of film movement used in recording, an appro- 
priate neutral-density filter must be slipped into the optical unit 
to compensate for the different times of exposure of the film. 
For recording, fixed speeds of 10, 5, 2 or lin/sec are used, and 
the corresponding densities would nominally be 0, 0-3, 0:7 and 
1-0. But the apparent density of a filter is affected by the optical 
system in which it is used, and an allowance must also be made 
in this case for the failure of the reciprocity law of exposure of 
the film. Consequently, the correct densities were determined 
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Fig. 2.—Side view of optical unit for variable-density recording. 


lamp is held kinematically in a ceramic tube which ensures that 
the lamp reaches a very high temperature (after about 15min 
operation) to minimize the possibility of noisy irregularity in the 
discharge. 

The end of the discharge within each lamp is projected by a 
condenser lens into the objective lens. Adjacent to the condenser 
lens is an inclined mirror which has a clear line along its length. 
A line of light from each lamp, of uniform luminosity, is therefore 
projected on to the film, the luminosity depending on the signal 
applied to the amplifier. The major part of the light passing 
through each condenser lens is directed upwards on to separate 


experimentally, and were 0, 0-25, 0-76 and 1-06, as measured 
by the manufacturers. i 


(4.3) Variable-Density-Recording Electronic Unit 


The electronic circuits used with the lamps are given | 
Appendix 11.3. Each modulated lamp has a cathode-ray tu 
associated with it to give a visual indication that the range 
modulation is not exceeded. At the lower end, over-modulati 
extinguishes the discharge and the negative-feedback loop 
broken; on removing the signal the amplifier applies a very |. 
potential to the lamp which re-strikes it, and this results in. 
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brilliant instantaneous discharge since it takes about one millisec 
for the negative-feedback circuit to take control again. At the 
upper end, over-modulation for any length of time can damage 
the lamp, but a more insidious trouble, resulting from instan- 
taneous overload, is that the monitoring photocell may suffer a 
temporary hysteresis effect; at the levels of illumination used, 
this was found to occur with some, but not all, of the photocells. 
The oscillographs also serve another most useful function, for 
they show whether the lamp is suffering from an irregular or 
noisy discharge; since this is characteristically of 5- to 25-kc/s 
frequency and of very irregular waveform, the negative feedback 
does little to minimize it. It may often be stopped by running 
the lamp for some minutes at a large current, thereby raising its 
temperature. 


(4.4) Performance of Variable-Density Recording Unit 


- Measurements were made of the performance of the variable- 
density recording unit alone; this is to be distinguished from the 
performance of the whole recording and reproducing system 
(see Section 8.1). 

, A supplementary photocell was mounted in the optical unit 
to receive light from the lamp; this was placed just before the 
condenser lenses and did not interfere with the negative- 
feedback action. The output from the photocell was measured 
with a direct-coupled cathode-ray oscillograph, its measuring 
device having been calibrated with known potentials. 

The relationship between the voltage applied to the amplifier 
and the luminous output of the lamp is shown in Fig. 3(a). In 
this Figure, and others where relevant, the errors or departures 
from linearity are given, rather than the direct plot; the error is 
expressed as a percentage of the full range of modulation, 
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Fig. 3.—Errors in amplitude linearity. 
The non-linearity is expressed as a proportion of the full range of recorded signal. 


-(@) Variable-density recording unit alone, showing the difference between input 
\ltage to amplifier and luminous output from lamps. 
(b) Overall variable-density system, showing the difference between input voltage 
hen recording and output voltage on reproduction. 
' (©) Variable-area recording system alone, showing the difference between input 
oltage and width of the exposed track on the film. 
(d) Overall variable-area system, showing the difference between input voltage when 
and output voltage on et Mesias 
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although the equipment is normally used with zero at the mid- 
point of the range (equivalent to a centre-zero meter). The 
corresponding lamp currents did not show marked non-linearity. 
The normal range of modulation is 5-120 mA (nominal), which 
gives a ratio of luminous intensities of 1 : 24, this representing 
a remarkably wide range for a lamp of any type. 

The frequency response of the recording unit was determined 
by applying a constant-amplitude sinusoidal voltage to the 
input, and is shown in Fig. 4(a). The time-constants of the 
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Fig. 4.—Frequency response of variable-density system. 


(a) Recording lamps and amplifier only. 
(6) Overall recording and reproducing system. (Film speed: 10in/sec on recording 
and 2in/sec on reproduction.) 


circuit and the properties of the lamp resulted in a natural 
oscillation round the feedback loop at about 3 kc/s; this was 
eliminated by the relatively large condenser C (Fig. 19), the 
value of which was chosen so as to leave a rising frequency 
characteristic to compensate partially for the high-frequency 
attenuation associated with other parts of the system. 


(5) VARIABLE-AREA RECORDING EQUIPMENT 
(5.1) General 


When preliminary consideration was being given to devising 
equipment for the present application, no method of variable-area 
recording appeared to show much promise. Every such system 
relies on an electro-mechanical device, and it was feared that this 
might be affected by mechanical disturbances; it would be heavy 
and much larger than the discharge lamps, and would require 
an optical system which might easily be complicated and of large 
dimensions. Furthermore, at the time, no adequate measure- 
ments were available of the linearity and frequency response of 
the modulators. 

However, such were the advantages of a system which relied 
on a dimensional effect on the photographic film, rather than 
on a transmission which requires precision processing, that it 
appeared to be worth while to develop variable-area recording 
equipment. It was only later that a secondary advantage was 
fully realized, there being a very large increase of the quantity 
of light transmitted through the film during reading, and this 
improves the performance of the reproducing equipment. The 
variable-area records are also much easier to interpret visually. 
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In the event, the variable-area equipment required about as 
much development effort as the variable-density equipment and 
is of similar complexity; while both are much more complex 
than the original equipment which proved the feasibility of the 
variable-density system. However, at the completion of the 
development stage the variable-area equipment had been found 
to give superior results with respect to amplitude accuracy, 
frequency response and noise level. Subsequent experience under 
practical conditions showed advantages of simpler operation, 
greater reliability and superior constancy of calibration. 


(5.2) Variable-Area Recording Optical Unit 


The modulators in the optical unit are Duddell-type oscillo- 
graphs, developed for one of the modern cinematographic sound- 
recording systems. The moving element comprises a single loop 
of duralumin wire, held taut between the poles of a magnet, and 
carrying at its centre a mirror 0:060in x 0:022in. Below the 
resonant frequency (normally at about 10kc/s) this behaves 
entirely as a simple mechanical system. The whole is filled with 
silicone fluid. The modulators for this application were modified 
slightly, and their response to a step function (the best test 
available at an early stage of the work) showed a time of rise 
of 1/5 000sec, with no visible overshoot or overdamping. There 
is no evidence to suggest that they are more microphonic than 
the valves driving them. 

The optical system for the modulators was developed from 
that designed for sound recording. As shown in Fig. 5(a), the 
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Fig. 5.—Optical unit for variable-area recording. 


(a) Side view. 
(6) Part of plan view. 
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lamp is projected by the condenser lenses C, on to the mirror 
of the modulator, and the virtual filament in the mirror is pro- 
jected by the second condenser C, and field lens F into the objec- 
tive lens. Consequently C, and C, would appear uniformly and 
brilliantly lit. A V-shaped mask is held over C, and projected 
by the lens L on to a clear slit formed across an otherwise 
opaque coating on C,. This slit is projected by the objective on 
to the film. When the mirror in the modulator rotates, the 
image of the mask moves across the slit and the length of the 
illuminated part of the slit is changed. As the film moves, 
therefore, a track of variable width is exposed. 

The difficult features in the design of the system were to 
combine on one film the two systems corresponding to the two 
independent channels of information to be recorded without 
introducing significant optical distortion, to make the tracks 
wide enough to use most of the film, and to keep the overall 
dimensions to a minimum. 

The device used is shown in the plan view, Fig. 5(6). That 
part of the optical system from the lamp via the modulator to 
the condenser C, is duplicated, the two optical axes being 
parallel to, but displaced from, the main optical axis. Thereafter 
the light passes through the outer parts of the field lens F [shown 
truncated in Fig. 5(a)], and is refracted into the objective lens. 

An important feature of the system is that it is possible during 
manufacture to modify the shape of each V-mask to correct for 
errors introduced by the optical system or modulators. Thus, 
following initial tests with a straight-sided mask, an error of 3% 


V-shaped 
mask 


Modulator 


Direction of 
rotation of 
mirror 


Mirror 


Mirror 


REPRODUCTION OF ELECTRICAL SIGNALS, USING CINEMATOGRAPHIC FILM 329 


at maximum modulation was reduced, and the relation between 
the width of exposed track (0-005-0-240in) and the maximum 
driving current of +150mA was standardized. This makes it 
possible to interchange optical units and electronic amplifiers 
(out of four sets) without affecting the overall calibration. 

Further optical components (not shown) provide a slit of fixed 
length, to give on the film the reference track, which is unmodu- 
lated. The track for timing or frequency-calibration marks is 
exposed by one of the variable-intensity discharge lamps, the 
light from it being reflected into the objective lens. This is little 
more than an on-off system, with no pretence to amplitude 
accuracy, since the photographic characteristics are inappro- 
priate for a variable-intensity system. 

Three tungsten-filament lamps are used in the optical unit, one 
for each modulated track and the third for the unmodulated. 
Although wasteful of power (10 volt, 5 amp each) this greatly 
‘simplified the optical design. They are run from the 50-c/s mains 
supply, but owing to the heavy filament and the use of the com- 
parison track, the residual effects arising from the irregularities 
of exposure of the film result in errors less than 0-3 %. 

_. The appearance of a piece of film on which sinusoidal signals 
| have been recorded is shown in Fig. 6. The footage number on 


voltages. 
Film speed: 10in/sec. 
Footage number, visible on film before and after processing. 
200 c/s, 100% modulation. 
Unmodulated or comparison track. 


1 000 c/s, 50% modulation. 
Timing marks, 50 c/s; variable transmission. 


Fig. 6.—Appearance of a variable-area record, of sinusoidal input 


Track (i). 
Track (ii). 
Track (iii). 
Track (iv). 
| Track (vy). 


i 
} 


the edge of the film is found to be of the greatest value in this 
pplication; it is printed on the film during manufacture, is 
oe before exposure and also after processing, and it appears 
on the print. It greatly simplifies noting the records of experi- 
ments, and assists in finding the correct place along the film 
during the subsequent analysis. 

| Wherever possible, standard cinematographic practices have 
n followed. This applies particularly to the processing, and 
is usual to obtain an over-night service at the processing 
‘aboratories, this including development of the negative and 
roduction of the print. 

| In common with other equivalent systems, an attenuation of 
higher frequencies is caused by the finite dimensions of the 
‘Sapetnee slit. The effect is dependent on the size of the slit, in 
he direction of movement of the film, relative to the wavelength 
of the exposed trace; it is set out in Fig. 7, and for convenience 
he corresponding frequencies at two film speeds are added. 
‘t occurs on both recording and reproducing, the errors being 
| Vox. 102, Parr B. 
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Frequency, ¢/s (film speed 1in/sec) 
Fig. 7.—Error due to dimension of slit. 


Errors in recording and reproduction are additive. 
Dimension of slit along film: curve (a) 0:001in; curve (6) 0:002in; curve (c) 0:005in; 
curve (d) 0-010in. 


additive; during recording some even-order harmonic distortion 
may be introduced, but this and the magnitude of the attenua- 
tion are affected by the photographic conditions. 


(5.3) Variable-Area-Recording Electronic Unit 


Each modulator is of 0-25 ohm resistance. An attempt was 
made to develop an amplifier using a modulated-carrier system 
with transformer coupling from the output valves to the modu- 
lator, to match the impedances. After transformation, the signal 
was rectified at a low voltage and relatively large current, and 
negative feedback was used from the modulator circuit to the 
input. It was not easy to obtain stability, probably owing to the 
number of transformers within the feedback loop; the method did 
not appear promising and was dropped. 

In the circuit used, given in Fig. 8, the modulator is connected 
between the cathodes of a pair of power valves in push-pull. 
The mismatch is on the grand scale: 160 watts of power is drawn 
from the mains supply (including the excitation of the lamps) 
and the maximum power used in each modulator is 5-6 mW. 
The circuit, however, is unusually simple, each recording channel 
using only three pairs of valves, and a power pack with metal 
rectifiers and neon-tube stabilization. The power-supply points 
shown are connected in common for both the amplifiers to the 
one stabilized supply; an isolated supply for each recording 
channel is connected to the points A and B and provides the 
main power for the output stages. Owing to the feedback 
connection, the application of in-phase potentials to the input 
results in the potential of each of these packs with respect to earth 
being varied at signal frequency; the capacitance to earth of 
each pack is therefore kept rather lower than usual to prevent 
impairing the independence of the circuit to in-phase signals. 

Negative feedback is derived from precision wire-wound 
resistors, R>, in the modulator circuit; about 45 dB is used. 
The value of R, was chosen to give exactly +150mA through 
the modulator for +1 volt input, thus permitting electronic units 
to be interchanged on the modulators (in the optical units) 
without significantly altering the calibration. 

The heaters of V, and V, are stabilized by a barretter. This 
practice is used for the first stages of all amplifiers of the equip- 
ment, and, in conjunction with a minimum input signal of one 
or two volts (for full-scale deflection), results in adequate zero 
stability. 

(5.4) Performance of Variable-Area Recording Unit 


The performance of the amplifier alone was tested with a sub- 
standard milliameter in series with the modulator, or by replacing 
the modulator by a resistor and connecting either side of it to a 
cathode-ray oscillograph which was otherwise isolated. 

No errors greater than those expected from the test equip- 
ment were observed, the amplitude linearity being tested up to 
+180 mA, and the frequency response up to 2 000 c/s. 
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+300V 
+150V 


Light 
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> +300 V 


Fig. 8.—Circuit of variable-area recording amplifier. 


Negative feedback is;derived from resistors R2. Points A and B are connected to an isolated power supply of 220 volts. 
V1-V4—EF37A; V5, .Vo—12E1;:Ri—150 kilohms; R2—3-16 ohms precision wire-wound; R3—75 kilohms; R4—150 ohms wire-wound; C—0:01 uF. 


Concerning the independence to in-phase voltage at the input, 
an error signal of 0:3°% appeared when +5 volts was applied in 
phase, with the sensitivity set to the +1-volt range. 

To determine the accuracy of the recorded tracks on film 
(again to be distinguished from the accuracy of the whole 
recording and reproducing system) the widths were measured 
with a travelling microscope. Although, owing to the mag- 
nification, the edges of the tracks did not appear truly sharp, 
measurement by one observer only resulted in the adoption of 
conventions, and the very small scatter in the observed readings 
suggests that measurements were relatively correct to within 
less than 0-2%. 

The amplitude linearity is shown in Fig. 3(c), where it is seen 


+10 


that the errors only exceed 0:5% at the maximum modulation, 
corresponding to the widest track. 

For measuring the frequency response, the peak amplitude of 
a sinusoidal voltage applied to the recording amplifier was 
measured by a backing-off procedure with a direct-coupled 
cathode-ray oscillograph; the direct voltage was adjusted until 
the peak of the wave was brought to earth potential. This per- 
mitted the use of a sensitive display on the oscillograph, and the 
actual measurement was made on a sub-standard voltmeter. 
A reversing switch made possible the measurement of the positive 
and negative peak amplitudes. 

For the experiment of Fig. 9(@), the film was recorded at 
10in/sec and frequencies between 1-5 and 2 000 c/s were applied 


gee 2 1s 02 01 005 0:02 0:01 0-005 ; 
‘Wavelength, in % 
Fig. 9.—Errors due to attenuation at short wavelengths and high frequencies, variable-area system. } 


(a) Recording system alone, the dimensions of the track on the film being measured. 
(b) Overall system, being the relationship between input voltage when recording and output voltage on reproduction. 


—e— Total attenuation. 
—1— Attenuation of positive peaks. 
—x— Attenuation of negative peaks. 
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at constant amplitude; the peak-to-peak widths of the modulated 
tracks on the film were then measured with the travelling micro- 
scope. The attenuation is dependent on the wavelength on the 
film; it is largely attributable to light scatter, but is in part due 
to the width of the slit in the optical system, which was equivalent 
to 0-0007in at the film. 


) THE TRANSCRIBER OR STEP-RECORDING EQUIPMENT 
(6.1) General — 


Separate equipment has been made for recording on film 
information applied manually or mechanically. The primary 
purpose is to provide a means of feeding into the electronic 
computer—for which all the recording and reproducing equip- 
ment has been made—data obtained from other recording 
instruments (e.g. cine-theodolites), tabulated data, random 
numbers, the equivalent of noise or jitter, sinusoidal voltages, 
non-linear functions, the settings of controls of mechanical 
equipment or records of the operation of mechanical devices. 
It is a means for transcribing data into a form suitable for the 
computer. 

/ The equipment comprises a film mechanism, similar to the 
continuous-film mechanism both outwardly and with respect to 
the layout of the film path, but differing in that the film is moved 
intermittently. An optical unit is attached, carrying two pairs 
of knobs for controlling two tracks of independently recorded 
information. These may be set manually, in tens and units from 
0 to 100, or may be coupled by extension shafts to any external 
mechanism. The knobs being set, a foot-switch is pressed, a 
shutter gives an exposure on the film and then the film is moved 
forward by a distance exactly equal to the length of the exposed 
patch. The exposed tracks, an example of which is shown in 
Fig. 10, therefore appear continuous, but the information is 
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Fig. 10.—Demonstration film recorded on the transcriber. The same 
data were recorded at 0:lin movements and then at 0-Olin 


| movements. Motion is from left to right. 

| Track (i). Controls set at 50, 50, 20, 80, etc., 60, 40, etc., 50. 

Track (ii). Unmodulated or comparison track. 

_ Track (ai. Controls set at 50, 50, 0, 10, 20. . . 90, 100, 95, 85, 75... . 15, 5, 50. 
‘Track (iv). Identification mark track; single exposure at start of each pattern. 


‘ecorded on them in definite lengths, and any change in the 
tting of the controls gives a step. The mechanism may be set 
0 give film movements of 1, 4, 4, 45, sb, sy and yds in. 

| After processing, the print is read in the equipment which is 
sed for the reproduction of the records from the continuous 
recorders; in general, it is visualized that two sets of reproducing 
echanisms will be used simultaneously, one reading the film 
rom the transcriber and the other the film from the original 
xperiment. Therefore the transcriber mechanisin is not equipped 
vith photocells behind the film gate, although these could be 
itted if a need arose to read a film at definite intervals, after 
‘xposure in a continuous mechanism. 

| It would probably have been better from the operational point 
)f view to control the tracks by pushbuttons, but this would have 
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resulted in a much more complicated mechanism than have the 
rotating knobs. The disadvantages of the latter are lessened 
when small differences only occur between successive settings, 
as is expected to be the case usually. 

The equipment is calibrated over the range 0-100, but normally 
when the film is read the output appears as +25 volts, with zero 
corresponding to the setting 50. 

Particularly with short film movements, the exposure of a 
whole length of film could represent a major task. Consequently, 
reliability and constancy of calibration are essential, even over 
periods of several days: the whole apparatus is free of electronic 
equipment. 


(6.2) Transcriber Optical Unit 


The optical unit comprises a lamp, operated from a saturated- 
core stabilizing transformer, projected by a pair of condenser 
lenses into an objective lens, the condenser therefore appearing 
of uniform luminosity. Adjacent to this condenser is a system 
of masks which are projected on to the film by the objective. 
Two fixed strips define a central track, which corresponds to the 
unmodulated comparison track of the continuous recorders, and 
is required for the reproducing equipment. The outermost 
masks, on either side, are controlled independently by either pair 
of setting knobs, each unit knob working through a differential 
screw thread. In addition, one of a set of masks may be dropped 
in, to define the upper and lower extremes of the exposed areas, 
the opening of each of these masks corresponding exactly to one 
of the lengths of film movement. 

The shutter, which is over the objective lens, is of the type used 
in the simplest cameras, having a swinging plate with a hole in 
it, and a capping blade. It is operated by a solenoid, and a 
system of relays is used in the control unit to ensure that each 
exposure is followed with certainty by one film movement, and 
that the cycle of operations is independent of the manner in which 
the foot-switch is pressed. 

Exposure is made on the fourth track, corresponding to the 
timing track of the continuous recorders, by switching on a 
tungsten-filament lamp during one exposing cycle. This illu- 
minates an opal glass, on which identification marks can be 
written if desired. 

It may be noted that an alternative method of using this 
optical unit is to attach it to the continuous-recording mechanism, 
and thus obtain a continuous variable-area record of any 
mechanical motions which have been coupled to the operating 
shafts. 


(6.3) Transcriber Film Mechanism 


An error in the length of movement of the film of 0-001in 
represents 10°% of the shortest movement, and in certain circum- 
stances this can give a significant error in the time scale on 
reproduction. Such a positional accuracy is the best attainable 
with special cinematographic equipment and is better than that 
normal to cinema projectors. This accuracy had to be combined 
with means for changing the length of movement over a range 
of 100: 1, although the error could be greater with the longer 
movements, 

The mechanism employed comprises an accurate ratchet wheel 
(of 300 teeth, corresponding to a 3in movement) on the shaft 
which carries the primary film-driving sprocket, engaged by a 
pawl on an arm. This arm is actuated by a cam, driven inter- 
mittently by a motor of the split-field type often used in servo 
systems. The fields are constantly energized, but the armature 
is either connected to a supply, when it runs, or short-circuited 
by contacts, when it stops suddenly. There is gearing of 1 : 10 
ratio between the shaft carrying the cam and the shaft carrying 
the disc with which the contacts engage. Discs with 10, 5, 2 or 
1 notches determine how many times the cam rotates for any one 
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operation of the foot-switch, and interchangeable cams. with a 
lift of 1 or 10 teeth on the ratchet wheel allow selection of any 
of the range of movements. Thus the 1in movement is obtained 
by ten steps, each of ;45in, after which the motor stops. 

The lin movement takes the longest time, a complete cycle 
occupying 25sec. 

The system is arranged so that when the motor has stopped 
the minimum radius of the cam is engaged with the arm, the cam 
being made circular in this region so that slight irregularities in 
the stopping position of the motor do not matter. 

Very thorough tests have shown that the mechanism provides 
an accuracy of +0:00lin under all conditions for the shorter 
film movements, and never more than +0-003in error for the 
longest movements. 


(7) REPRODUCTION OR PLAYBACK 
(7.1) General Considerations 


Reproduction of the signals recorded on the film is obtained 
by projecting a fine line of light across the film and measuring 
with photocells the luminous flux passing through the various 
tracks. In comparison with other methods this offers the 
following advantages: 

(a) Similarity to standard cinematographic sound reproduction. 

(b) Simple associated equipment. 

(c) There is no need for any modulating system, at carrier fre- 
quency, with its attendant complications. 


(d) The output is unaffected by the lateral weave of the film in 
passing through the mechanism. 


The method also has disadvantages: 

(a) The output is affected by any imperfection on the film, 
particularly dirt and fog. 

(b) The amplifier is likely to pick up hum at its input. 

(c) Errors may be introduced from the lamp, the optical system, 


the slit which forms the line of light and from image-spread occurring 
in the optical system and the negative and positive films. 


The arrangement, shown in Fig. 11, comprises a lamp with 
concentrated filament, which is projected by the condenser lenses 
on to the objective lens. Viewed from the latter lens the condenser 
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ticular application the choice therefore requires a compromise 
between them in order to minimize the errors and avoid undue 
complication of the equipment. It is useful to classify these 
factors into three groups: those determining the magnitude of 
the signal derived from the photocells; those affecting the 
linearity of reproduction; and those affecting the frequency 
response. 


(7.1.1). Magnitude of Signal from Photocells. 


To simplify the amplifier it is desirable to obtain the maximum 
signal from the photocells. The luminous flux on the photocells 
is dependent in the first place on the power of the lamp; this is 
limited by considerations of the power supply (which has to be 
regulated) and heat dissipation, and on its filament which should 
be of a size and shape to fill the objective lens completely. 
Secondly, the condenser lenses, whilst powerful, must not suffer 
such aberrations that the uniformity of luminance across them is 
impaired. The flux is dependent on the maximum width of each’ 
track across the film and hence is inversely proportional to the: 
number of channels recorded; also it is proportional to the 
dimension, along the film, of the illuminated slit. In practice 
this is the most important parameter and the only one which 
may be readily altered. Lastly, in the case of variable-density 
recording, the flux depends on the mean density (see Section 8.1). 
The maximum flux is limited only by the permissible illumination 
of the photocells. 

The signal to the amplifier is proportional to the luminous 
flux, the sensitivity of the photocells (the antimony-caesium 
vacuum type offer the best compromise of sensitivity, frequency 
response and stability) and the value of the resistive load associated 
with each photocell. 


(7.1.2) Linearity of Response. 
The linearity of response is dependent on the uniformity of 
luminance of the condenser lenses, on the parallelism of the slit 
and on second-order errors associated with non-uniform 
sensitivity of the photocell cathode. The latter turns out to be 
the most difficult to satisfy; a testing technique, traversing a small 


track 


Photocell for : 
modulated Film Objective Mask .Condenser 
track | hal lens with slit lenses Lamp 
Photocell for Concave : ; 
comparison mirror : 


Fig. 11.—Arrangement of optical components used in the reproducing system. 


would then appear as a uniformly illuminated disc, of luminance 
equal to that of the filament. A graticule adjacent to the con- 
denser lens is opaque except for a narrow line which is projected 
on to the film by the objective. Light passing through either of 
the measuring tracks is reflected on to the appropriate photocell 
by a mirror behind the film. Each mirror is concave and serves 
to form an image of the lamp filament (in the objective) on the 
photo-cathode, with the intention that the patch of light is not 
altered in shape or position, but only in intensity, as a variable- 
area track is measured. 

In such a’ system the results are dependent on many factors 
which, as usual, are often mutually conflicting. For any par- 


spot of light across the scanning position, enabled reasonably 
good photocells to be selected. 


(7.1.3) Frequency Response. 

The upper limit of frequency response is penalty, dete: 1e 
by the dimension of the slit, in the direction of motion of th 
film in the same manner as for recording (see Fig. 7); hence, it 
practice, the compromise has to be made between signal leve 
and frequency response. It is also limited by light spreac 
occurring in the optical system and in the exposure of both th 
negative and the print, and by the stray capacitances whic! 
appear in parallel with the photocell loads. 


=~ 
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(7.2) Use of Comparison Track 


__A most important feature for the attainment of accuracy of 
the amplitude of the reproduced signal, and for reduction of 
noise, is the recording of a comparison or reference track, which 
is unmodulated. It is particularly important for the variable- 
density process. 

The signal obtained from the comparison track on reproduc- 
tion is subtracted from those obtained from the modulated tracks. 
This gives good cancellation of effects of image spread on 
variable-area records, and of mains hum and spurious signals 
picked up in the input circuits of the reproducing amplifier. The 
alternative process of division would have given better cancella- 
tion of errors arising from any imperfections in the film affecting 
the tracks equally, or from irregularities in film movement during 
variable-density recording; it would also have fully cancelled 
fluctuations of the output of the lamp used for reproduction. 
But the electronic circuits required for this division—or any 
equivalent process—would be much more complicated than those 
for subtraction, and the system was therefore not used. 

The light flux transmitted through the comparison track is 
made equal to that transmitted through either of the modulated 
tracks when at the mid-point of their modulation range. This 
gives optimum cancellation of all errors lying near the middle of 
the modulation range, but a progressive increase in the errors in 
signals of amplitude approaching either maxima. In the majority 
of applications, and particularly those of a statistical nature, the 
major proportion of the information can be carried by signals 
near the mid-point of the range. 


(7.3) Exposures for Setting-up and Calibration 


Before a recording is made, exposures should be made on the 

film to permit the reproducing equipment to be set up and 
calibrated. To set the zero level for reproduction, an exposure 
is required with zero voltage applied to the input of the recording 
amplifier; to set the calibration, or scale factor, an exposure 
is required with a known voltage which gives nearly the full 
modulation. 
_ This technique is an important factor in the attainment of the 
accuracy of the whole system, which is made in effect into a 
comparator. In certain applications it may constitute a limita- 
tion, but for the purpose for which the apparatus was designed 
it was recognized that calibration would be required of the other 
equipment providing the signals being recorded. With variable- 
density recording, calibration is needed on every length of film, 
although this might be relaxed for a group of films of the same 
batch, exposed and processed together. For the variable-area 
system, experience may show that calibration at the time of 
recording is unnecessary, for the errors can be only second-order 
effects. The reproducing equipment has, however, been designed 
on the assumption that a calibration film—which could be a 
separate special length—would be available; the major variables 
to be corrected are the zero shift of the amplifiers and variation in 
light output, which affect the zero setting and the sensitivity, 
respectively. 


i (7.4) Equipment for Reproduction or Play-back 


Even with a lamp with a heavy filament (10 volt, 7-5 amp) and 
the use of the comparison track, a 100-c/s error signal would 
appear at the output if the lamp were fed with a 50-c/s alternating 
current. Accordingly, the mains supply after being transformed 
to a low voltage is rectified and smoothed to some extent (using 
a 5-mH choke and a 1000-uF condenser). A saturated-core 
regulating transformer is used to minimize mains-voltage 
fluctuations, although it is necessary to correct for the consequent 
slow changes in light output caused by changes in supply fre- 
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quency. Provision is made for running the lamp at half bright- 
ness to prolong its life, when it is possible to choose a slit which 
permits adequate output under this condition. 

The electronic circuit is shown in Fig. 12. Each of the three 
main photocells has associated with it a 3-stage amplifier, in 
which about 20dB of negative feedback is used. During manu- 
facture, the load R,; was matched to each photocell, using a 
standard test film, to compensate for variations in sensitivity of 
the photocells; this permits the electronic units to be inter- 
changed on the film mechanisms. A preset control R, on each 
amplifier for a modulated track permits the gain to be made 
equal to that for the unmodulated track. 

The signal from the unmodulated track is subtracted from the 
signal from each of the other tracks by inverting its phase and 
adding in the network of Rg. 

To prevent any interaction between one measuring-track 
amplifier to the other, the points marked X in Fig. 12 must 
present a very low impedance. This is obtained by making 
Vg and Vy into an anode-follower stage, the feedback also 
improving the linearity. 

A requirement of the equipment is that it should give a single- 
sided, not push-pull output, although push-pull stages were 
required throughout the amplifier to obtain stability. The circuit 
between Vg and V,, applies degeneration to hold the junction 
of the two resistors R,4 at a constant potential with respect to 
earth, even if the push-pull stages are out of balance. Ry; 
controls the sensitivity of the reproducing equipment, when 
using the calibrated film, and also permits the phase of the 
output to be reversed, equivalent to changing the sign in the 
mathematical analysis. 

It is, of course, necessary to maintain a sign relationship 
throughout the whole recording and reproducing system, the 
convention adopted being that the application of a positive 
voltage to the input terminal 1 of the recorder amplifier, with 
respect to earth or terminal 2, gives a print with increased light 
transmission, which, in turn, gives a positive potential at the 
output during reproduction, with R,; turned towards Vg. 


(7.5) Performance of Reproducing Equipment 


The linearity of the reproducing equipment alone was measured 
by applying known voltages across the input resistor R,. The 
output was linear within 0:5°% to +40 volts, the normal designed 
output being +25 volts. General considerations and experi- 
ments on the photocells used for monitoring the variable-density 
recording (which are of the same type as those used for reproduc- 
tion) suggest that non-linearity in the photocells will be less than 
1% over the range of illumination used. 

The frequency response of the reproducing amplifier, together 
with the photocells and interconnecting cables, was measured by 
running a film with a sinusoidal exposure through the mechanism 
at different speeds. The curve is given in Fig. 13, the rising 
characteristic being due to the negative feedback in the amplifier 
of V,_3; it is of value for offsetting to some extent the tendency 
to h.f. attenuation in other parts of the system. 


(7.6) Reproduction from Timing Track 


The photocell for reproduction from the timing track is con- 
nected to a very simple amplifier, consisting of one push-pull 
stage of amplification leading to cathode-followers, with no 
negative feedback. The accuracy of the instant of reading any 
timing marks on the film is quite high; the slits for exposing and 
reading the timing track can be adjusted to have very little 
displacement along the film from the slits for the other tracks; 
the greatest error is probably associated with the width of the 
slit on recording, about 0-012in when projected on the film. 
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Fig. 12.—Circuit of reproducing amplifier. 


V1-V7—ECC35. 
Vs-Vj2—EF91. 
Photocells—Cintel VA42, 
R;—1 MQ nominal. 

Ro, Ry5—50 kQ. 


Rs—100 kQ. 


(7.7) Conclusions on the Design of the Reproducing Equipment 


Following the experience of developing this equipment certain 
alternatives are possible. Firstly, it would probably have been 
preferable to use larger photoceils; these could not be mounted 
directly behind the film gate, and an optical system would be 
required, but this would ensure a greater independence from the 
non-uniformity of sensitivity over the photo-cathodes. Secondly, 
a more powerful lamp could have been used without over- 
loading the photocells—the present lamp does not entirely fill 
the objective lens. Thirdly, it would almost certainly have been 
preferable to mount a cathode-follower valve adjacent to each 
photocell on the film-mechanism; it was feared that the impair- 
ment of the zero stability precluded this, but in fact the zero-drift 
is unimportant, whilst a certain amount of difficulty has resulted 
from the use of the high-impedance line throughout the cable 
connecting the photocells to the amplifier. 


(8) PERFORMANCE OF COMPLETE EQUIPMENT 
(8.1) Performance of Variable-Density System 


The amplitude linearity of the variable-density system is very 
dependent on the photographic properties of the film. Details 
of the special processing and the experiments to determine the 
optimum conditions are given in Appendix 11.4. The require- 
ment is to obtain a linear relationship between the exposing light 
and the light transmitted through the print. The photographic 
process is, however, essentially logarithmic, and a plot of the 
logarithm of the exposure against the density (the logarithm of 
the reciprecal of the transmission) has a straight portion, its 
slope being the gamma; the gamma is controllable to some extent 


Ro—1 MQ. 

Rio, Riz, Ri7—30 kQ. 
Ry—20 kQ. 

Ry2—15 kQ. 

Ryy— 68 kQ. 
Ryo—1-5 MQ. 
C,—0-0005 pF. 
C,—0-005 WF. 
C3—0:001 AF. 


100 ~—-200 50 


10 20 50 10 0 1000 2000 


Frequency, c/s 


Fig. 13.—Frequency-response characteristic of reproducing photocells” 
and amplifier. q 


in the processing. This relationship applies, of course, to 
exposure and processing of both the negative and the print. 
most photographic applications, at the extremes of the range, ii 
is usual to run off the straight part of the characteristic; in thi 
case it is necessary to operate on the curved toe, to obtain suffici 
light transmission through the variable-density print. 
Optimum conditions therefore amount to an empirical 
promise. For good overall linearity the print has to be mad 
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vith only 10% transmission at the mid-point of the modulation 
ange; to compensate for this, the slit on reproduction is normally 
-010in wide at the film, with attendant impairment of the 
igher-frequency signals. This may constitute a significant 
imitation of the variable-density system, unless an increase of 
oise level from the amplifier can be tolerated. 

‘The overall linearity was determined by applying voltages to 
he recorder from a calibrated switch-box, and measuring the 
utput from the reproducing amplifier with a sub-standard volt- 
naeter (1 000 ohms/volt). The film was moved slowly and a mean 
eading taken, to average out the irregularities in the film. 
‘ig. 3(6) gives the errors, which fall within +1-5% except at 
ne extremes of the range of modulation. 

To show the noise level a recording was made (at Sin/sec) 
hile the voltage at the input was changed suddenly from 0 to 
+1 volt on the +1 volt range. The output on reproduction 
at lin/sec) was displayed on a cathode-ray oscillograph photo- 
raphed with a moving-film camera, as in Fig. 14(a), showing 
he noise to be about 3% peak-to-peak. 


Any \rrnar 


() 
Recording 
0 0-02 0-04 0:06 0-08 sec 
(c) 
0) 01 0-2 0:3 0-4 sec 
Reproducing 
Fig. 14.—Noise levels of complete equipment. 
Traces derived from a cathode-ray oscillograph connected to the output. The 


libration step represents 5% of the full range of recorded signal. 


(a) Variable-density system. 
(6) Variable-area system. 
(c) Time scales. 


To determine the frequency response of the variable-density 
im, a recording was made with signals of constant amplitude, 
ad on reproduction the output was measured by the backing-off 
chnique. The results are shown in Fig. 4(b). In such a system, 
tenuation at high frequencies (corresponding to short wave- 
ngths) would be expected owing to the sizes of the slits used 
r recording and reproducing (0:0025in), and light scatter in 
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the optical systems and films; however, this is seen to have been 
offset somewhat by the rising frequency characteristic of the 
recording amplifier [Fig. 4(a)]. In this experiment the film was 
recorded at 10in/sec and reproduced at 2in/sec; the results are 
therefore not affected by the rising frequency characteristic of 
the reproducing amplifier itself (Fig. 13). 


(8.2) Performance of Variable-Area System 


Corresponding tests were made to determine the overall per- 
formance of the variable-area system. In general, these were 
carried out with a greater precision than the variable-density 
tests, partly owing to the better performance given by the system, 
and partly as a result of improvements in the experimental 
techniques. 

The amplitude linearity is shown in Fig. 3(d); the results are 
slightly worse than those shown in Fig. 3(c), which is due to 
the effect of non-uniformity of the sensitivity over the cathodes 
of the photocells, although this is minimized by the design of 
the optical system and the integrating action along the slit. 

Fig. 14(6), derived in the same way as Fig. 14(a), shows that 
the noise level seldom exceeds 1 % peak-to-peak; at the maximum 
amplitude (widest track) this increases to 1:5%. 

The frequency response of the variable-area system was found 
to be affected by light-scatter in the optical systems and the 
films; at the boundary between areas of great and small light 
intensity, some of the light is scattered, causing either an increase 
of the effective widthvof the slits or a certain amount of exposure 
of the immediately adjoining area of the film. Some compensa- 
tion for these effects was made by the choice of the exposures 
given to the negative and the print, but the other parameters— 
the grades of film and the processing conditions—were not varied 
in this application, standard cinematographic practice being 
adopted. 

Experiments showed that there is an attenuation of the 
reproduced signal which is solely dependent on the wavelength 
of the signal on the film; its magnitude is given in Fig. 9(6), and 
it is probable that there are some applications where this would 
constitute the major limitation of the equipment. For this test 
the film was recorded at 10in/sec and the positive and negative 
peak amplitudes of the signal applied to the recording amplifier 
were measured with the backing-off technique, and kept constant; 
on reproduction, the output was measured in the same manner, 
but the film speed was reduced, so as to use the level part of the 
characteristic of the reproducing amplifier (Fig. 13). The 
width of the slit was 0:0013 in. 

The attenuations of the positive and negative peak amplitudes 
are not quite the same, this being equivalent to the introduction 
of some harmonic distortion [Fig. 9(5)]. 

It is believed that this amount of attenuation at short wave- 
lengths is of the same order as that usual in sound-recording 
equipments, provided that allowance is made for the essential 
differences between the systems; probably the most important 


Frequency, c/s 


Fig. 15.—Frequency response of variable-area system, overall. 
Film speed on recording and reproduction: 10in/sec. 
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Fig. 16.—Direct plots to show the amplitude linearity of the variable- 
area system (overall) for sinusoidal signals at three frequencies. 
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Fig. 17.—Errors in amplitude linearity of transcriber system. 


(a) Recording system alone, showing the difference between the setting of the 
controls and the width of the exposed track on the film. 

(6) Overall, showing the difference between the setting of the controls when recording 
and the output voltage on reproduction, 
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Fig. 18.—Record obtained from the film of Fig. 10 on passing it ed through the reproducing equipment with pen recorders connected — 
to the outputs. 
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point is that the present optical system was designed to cover the 
whole width of the film (to permit the recording of several 
tracks), with consequent increase of throw from the objective 
lens to the film. 

When the film of Fig. 9(6) was passed through the reproducing 
equipment at 10in/sec the results of Fig. 15 were obtained. 
Some compensation is obtained from the rising frequency 
characteristic of the reproducing amplifier, and it is seen that 
under the best conditions the frequency response of the whole 
system has a maximum error of about 10%. 

The specification of the overall frequency response is conse- 
quently somewhat complex, owing fundamentally to the facility 
for being able to record at a range of film speeds and being able 
to reproduce the film at a different speed from that used when 
recording. For certain applications it might be preferable to” 
introduce some form of rising frequency characteristic in the 
recording process; but this was not done in the present applica- 
tion since. the primary requirement was good amplitude accuracy 
at low frequencies. : 

To determine whether the attenuation at short wavelengths is 
in any way related to the amplitude of the signal, a sinusoidal 
wave of frequency. 10 c/s was recorded at ten different amplitudes — 
up to the maximum; this was repeated at 120 c/s and 1 000 c/s. 
The film speed on recording was 10in/sec, but was slow on > 
reproduction; the backing-off technique was used to measure 
the peak amplitudes on recording and reproducing. A direc 
plot of the results is given in Fig. 16, showing that’ 


(a) The amplitude accuracy for alternating signals is good. _ 

(6) There is a slight attenuation at 120 c/s, becoming Sigg 
nificant at 1 000 c/s. 

(c) The attenuation of negative peaks at 1000c/s is con 
sistently greater than that of the positive peaks. f 


Throughout all the tests, no evidence was found of cross=_ 
modulation between the various tracks on the film. 


(8.3) Performance of Transcriber 


The amplitude accuracy of the transcriber recording system 
alone was determined by measuring the width of the exposed 
tracks with a travelling microscope, the errors being given in — 
Fig. 17(a). This shows that the arrangement of moving masks 
is satisfactory and that the optical system introduces little 
distortion. 

Fig. 17(4) shows the amplitude errors of the whole transcriber 
system, including the reproducing equipment. Each exposed 
track is modulated on one side only, which somewhat exaggerates: 


Output voltage when reading back 
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the errors due to the non-uniformity of the sensitivity of the 
photocells. 

Fig. 18 is based on a record obtained with a high-speed, twin- 
pen chart recorder, when the film of Fig. 10 was passed very 
slowly through the reproducing equipment. It will be noticed 
that the effect of light-spread results in a slight rounding of the 
more positive parts of the square wave at ;;in film movement, 
and a reduction of the amplitude of the corresponding parts at 
zooin movement. Such errors would be less severe if the 
difference in amplitude between successive exposures were 
smaller, as would usually be the case. 
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|, (11) APPENDICES 
(11.1) Typical Analyses of Recorded Data 


It is visualized that typical forms of analysis of the data 
ecorded and reproduced with this equipment will include the 
ollowing: 


“Magnetic Recording” (Murray Hill, New 
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(a) Computation of Means. 
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(b) Computation of Mean Squares. 
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(c) Computation of Variances. 
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(d) Fourier Analysis or Power Spectra. 
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The sinusoidal voltage required for this computation may be 
generated with a sine-cos potentiometer, for example, or by 
running a film carrying a sine wave through a second reproducing 
equipment; it is expected that that film might conveniently be 
recorded on the transcriber. This method of determining power 
spectra may be more convenient than deriving them from the 
auto-correlation functions. 

(e) Cross-correlation coefficients, generating simultaneously 
two functions f(t) and g(t) from two reproducing equipments. 


$ & 
1 
P= ae j LA) —FIle() — zat 


(f) Analysis of line-of-sight experiments, where the co- 
ordinates of the object in the field of view (recorded with a cine- 
theodolite) are transferred by means of the transcriber and the 
reproducing equipment to the computer. 

(g) Input of the forcing function to a differential analyser or 
to an analogue computer set up for the solution of single or 
simultaneous differential equations; and the introduction of non- 
linear relationships into an analogue computer. 


(11.2) Features of Methods of Recording and Reproduction 


For applications of the types outlined in Section 1, the features 
of the various techniques for recording and reproduction may 
be set out as follows. In general, the optimum performance in 
any one respect can be attained only by impairment of the 
performance in other respects. 


(11.2.1) Cinematographic System. 

Digital or analogue methods may be used. In the digital 
system each word may be recorded across the width of the film, 
many digits being accommodated with consequent high accuracy. 
With analogue methods the amplitude accuracy may be +1 
or +2% of full scale. 

With analogue methods the frequency range extends from zero 
to perhaps 10 kc/s. The electro-mechanical nature of the light- 
modulating element introduces a limitation. 

The noise level is approximately 1% (—40 dB) of maximum 
signal, measured over the audio-frequency band. 

The time scale may be changed over a ratio of 100: 1 with 
ease, and of 1 000: 1 without difficulty. An intermittent move- 
ment may readily be obtained. 

The accuracy of the time scale is good over long periods, the 
extreme accuracy of the perforations contributing towards this. 
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Short-period irregularities are usually 1 to 0-1%, partly owing 
to mechanical imperfections and partly arising from effects 
associated with the perforations. 

The equipment for analogue recording is simple. 

Processing of the records is required. If the delay can be 
accepted it is most desirable to transfer this work to a specialist 
laboratory. Rapid processing may be carried out, but with 
considerable complication. 

No facility for immediate playback is available. 

A darkroom is required for loading film into the cassettes, but 
these may usually be put into the recorder in daylight. 

Any failure of the take-up mechanism within the recorder can 
be serious since it is not readily observed. 

Film may only be used once in recording, and material costs 
may be significant in some applications. 

The records are permanent. Duplicate prints may be obtained, 
and the primary record (the negative) is safe and need only be 
handled within the processing laboratory. 

No erasure of mistakes from the records is possible except by 
editing and jointing. 

Multiple channels may be recorded. 

The storage capacity, in terms of quantity of recorded informa- 
tion per unit volume, is relatively small unless multiple channels 
have been recorded. 

There is no rapid access to any particular point on the record, 
which is wound up in a reel, but the point can be readily identified 
by the footage number which is visible on the negative before and 
after processing and is printed on the final film; the record can 
be studied visually. 

The cinematographic industry is relatively old, and the 
technical processes are well established. 


(11.2.2) Magnetic Tape System. 

Immediate playback may be obtained. 

Tape may be used repeatedly, with consequent saving in cost 
in some applications. Mistakes can be erased and corrections 
made. 

Digital or analogue methods of recording may be used. 

The usual pick-up device is responsive to the rate of change of 
magnetic flux and consequently has no d.c. response. Some 
form of modulation is therefore required. With an analogue 
system and an amplitude-modulated carrier the errors may 
amount to 10% unless selected tape is used. 

With frequency modulation, overall accuracies of +1% may 
be obtained. 

A typical upper limit of frequency response is 10 kc/s, but 
higher frequencies have been obtained, using a carrier of 
100 kc/s. 

It is not normally practical to obtain a change of time scale 
greater than about 10: 1. 

The short-period constancy of speed of tape movement is 
usually about +0°5%, but improved equipment is becoming 
available with uniformity within 0-1%. Short-period irregu- 
larities appear as noise in the output. 

Apart from noise introduced by speed irregularities, the 
signal/noise ratio is very high, for example 50 dB over the audio- 
frequency band. 

Multiple channels may be recorded, either side by side on 
wide tape or on one track with a sequential sampling system. 

The storage capacity is great. 

There is no rapid access to any particular point in the record. 

The record cannot normally be interpreted visually; localized 
inspection may be obtained by applying iron powder. 

The original record is normally used for playing back. 

The use of the technique is relatively novel, and it is reasonable 
to expect that progressive improvement will occur. 
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(11.2.3) Disc Recording. 

Extremely rapid access is given to any point on the record. 

Immediate playback may be obtained. 

The storage capacity is very great. 

The pick-up device has no d.c. response. Mechanical 
resonances limit the frequency response to the a.f. range, and 
within at least the lower part of this range the amplitude error is 
probably less than 5%. The accuracy might be increased by 
amplitude or frequency modulation of a carrier, with consequent 
extension of the frequency range to zero but with restriction of 
the upper limit. The recorder is affected by external vibration. 

The constancy of speed is determined solely by the mechanical 
drive to the turntable and centring of the disc; short-period 
irregularities may be made less than 0:2%. 

There is a gradual change of conditions across the disc, chiefly 
affecting the upper-frequency response. 

The signal/noise ratio is good, being about 55 dB over the 
audio-frequency band. 


(11.3) Circuit of Variable-Density Recording Amplifier 


The circuit for each modulated variable-density recording lamp 
is given in Fig. 19. The V, stage, being outside the feedback 
loop, is made linear by R; and gives little gain. Its output is 
added by R7 and Rg to the output from a similar stage, Va 
associated with the monitoring photocell. 

An input attenuator provides for full modulation for +1, +2, 
+5, +10, +20 or +50 volts, applied differentially between input 
terminals 1 and 2. The circuit is, however, largely independent 
to voltages applied in the same polarity to both terminals. 

The gain of the amplifier is adjusted by selecting by trial an 
appropriate value for R,, the load for the photocell; this com-_ 
pensates for differences of sensitivity of various photocells and ~ 
determines the amount of feedback. The criterion is that, with 
a typical lamp, the application of +1 volt at the input should 
swing the lamp current over the range 5-120 mA. 

The circuit for the unmodulated lamp is similar to V;-V5; 
since there is no requirement to inject modulating voltages, V,; 
is dispensed with and the photocell is connected directly to V3. 
No cathode-ray tube is required. 

The power-supply points are connected to one neon-stabilized 
pack which is common for all lamps. In addition, each of three 
independent packs provides the main current for one lamp, 
being connected to points A and B. These are not stabilized, 
and in common with all supplies throughout the equipment, use 
metal rectifiers. -The potentials for the cathode-ray tube are 
derived from the supply which serves the valves. 


(11.4) Photographic Conditions for Variable-Density System 


For this application the following technique was evolved for 
processing the variable-density films with the highest possible 
precision. After exposure of the negative (on Kodak 5231 stock) 
it is submitted with a length of unexposed film from the same 
reel. This is exposed in the laboratories in the Type 2B sensito- 
meter and a short length put through the picture-negative 
processing machine. After processing, the densities of the test 
strip are measured and plotted (log E against D), the slope of 
the best straight line being the gamma. Repeated trials a 
made, with differing times of development, until the gamma rt 
brought to 0:70, it being usually possible to obtain a precisio. 
within +0-01. 

The print is made on Kodak 5302 stock and processed in a low- 
contrast developer, trial runs being made as before to find 
processing time required for a gamma of 1-70. The exposure 
the print is chosen to give a density of 1-0 on the unmodula 
track on the film. 
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Fig. 19.—Circuit of variable-density recording amplifier. 
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Points A and B are connected to a separate power supply of 200 volts. 


Vi-V4—ECC35, 
Vs—12El. 
Vo—85A2. 
Photocell—Cintel VA42. 
Lamp—Ferranti GMC6. 


Cathode-ray tube—Mullard DP4/2., 


It will be appreciated that several days must be allowed for 
sarrying through such a procedure, which demands the greatest 
kill from the laboratory staff. In general, the precisions of the 
neasurements involved are approaching the limits obtainable 
rom the instruments, and are tending to be masked by the 
10rmal irregularities of the properties of photographic materials. 

All measurements of density (and hence gamma) are appro- 
riate to the instruments at the laboratory; they do not therefore 
elate to the apparent densities if these could be measured on the 
ecording and reproducing equipment. 

Experiments showed that the negative and positive gammas 
pecified gave much the same results as gammas of about 1-0 
or both; they were preferred as being nearer to standard practice. 

To determine the optimum photographic conditions a series 
yf prints were made from one negative, changing both the gamma 
ind the density (for a gamma of 2-5 the normal high-contrast 
leveloper was used). A representative group of results is given 
n Fig. 20. It shows that the linearity is slightly affected by the 
amma and seriously impaired by reduction of density. A further 
est, with 0-5 density for the unmodulated track, showed marked 
ion-linearity, clearly visible even in a direct plot. The low 
lensity is, of course, sought after with the aim of passing more 
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Fig. 20.—Effect of different photographic conditions for the print on 
the amplitude linearity of the variable-density system, overall. 


(a) Density of unmodulated track, 1:0, 
(b) Density of unmodulated track, 0-7. 


light to the photocells. The scatter of the points is not greater 
than was expected from a photographic experiment done at an 
early stage of the equipment. 


DISCUSSION BEFORE THE MEASUREMENTS AND RADIO SECTIONS, 4TH JANUARY, 1955 


Mr. J. F. Coales: The recording of trials data is one of the 
nost difficult of all forms of data processing and handling. It 
; a problem that has been with us in an extreme degree since 
yefore the war. Very large numbers of people have been involved 
n taking records, particularly, of course, of the movements of 


aircraft, both in America and in this country, and during actual 
air-raids very large quantities of information were recorded. 
This involves many millions of feet of film altogether, and in 
most cases it has never been analysed because of the enormous 
amount of labour which is involved. 
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The author and some of his colleagues were very much con- 
cerned with this recording of data, and some of his colleagues 
were involved in a digital method of recording in which the most 
complete series of records were compiled in this country, but 
although in the case of digital recording it was done with a view 
to using a digital computer for most of the analysis, no com- 
plete analysis has in fact been possible owing to the amount of 
labour required. 

It was, of course, in order to solve this problem that the work 
was begun, and it will be appreciated from the paper that a very 
considerable step forward has been made in the work of re- 
cording and processing trials information. That is only one 
of the aspects of this type of equipment. Several years ago I 
was of the opinion that analogue computing was becoming 
obsolete, and that by about 1955 all computing would be done 
by digital methods. However, I was engaged in discussions 
on the analogue computer, Tridac, and we found that, because 
computations had to be carried out in what we call real time, 
i.e. on the actual time-scale in which the events happen in nature, 
they could not be done by digital methods, which were not fast 
enough. If we have a very large number of equations to solve 
and we have a fixed time scale, with practicable digit repetition 
rates it is not possible to carry out the computations. For this 
reason there has been a very real resurgence of analogue- 
computing methods in the aircraft and other industries. 

Analogue computing has other advantages. If a problem is 
set up on a differential analyser it can quickly be seen how things 
are going; for example, if a control system is set up, one can see 
by the behaviour of the integrators, how changing some of the 
parameters will affect the answer. This is a great advantage, and 
it cannot easily be done with a digital computer. 

I am interested in an on-off control system in which the actual 
time of change-over of the output motor from full acceleration 
in one direction—in order to catch up the input—to full decelera- 
tion to bring the output into line with the input in both position 
and velocity has to be computed. One way of doing this is to 
use a simulator of the output system operating 100 times more 
rapidly than the actual motor and load in order to give informa- 
tion on what is going to happen if the change-over is made at a 
certain time. If we have a complicated motor and load system, 
it is, of course, difficult to compute what it will do, but most 
motors and loads can easily be simulated, and this provides an 
easy method of doing it; however, the system still involves some 
analogue computing. The means for increasing speed which is 
described in the paper is not directly applicable in this case, but 
it is certainly of interest. I think that there will be ever- 
increasing uses for this type of analogue computing in control 
systems and in automatic control in general. 

In order to simplify automatic control, I am confident that we 
shall turn more and more to non-linear controls, particularly 
on-off controls which will become popular on account of their 
simplicity. This involves some method of assessing their 
performance for random inputs. As the author stated, this 
cannot in general be done satisfactorily using step functions and 
sinusoidal inputs. We have a great deal of investigation to do 
both of the types of fluctuation that we get at the inputs to our 
systems and of noise that may arise within the system, and we 
want methods of recording typical input data, of analysing these 
and of getting correlation functions and, in the non-linear case, 
probability distributions. This type of equipment undoubtedly 
has a future in this respect. oe 

I am concerned about the frequency response. For most 
automatic control problems 1 000 c/s is probably adequate, but 
in the computing field I do not think that itis. In the application 
to on-off controls, there was some need to go to repetition rates 
of more than 100 per second, which might mean that we should 
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want to have response at higher frequencies, say about 10 ke/s; 
I wonder whether there is any possibility of improvement in that 
direction. 

The author seems to contradict himself somewhat on the 
question of subtraction or division; he seems to indicate that 
division would be better but more complicated. 

I agree with the author on the question of recording datum 
and scale factor. Anyone who takes miles of film or magnetic 
tape and does not insert the datum and scale factor when he 
starts the run is heading for trouble. 

Is it possible to transcribe on to a film which has already one 
track exposed with suitable correlation between the tracks? 

Mr. K. W. Thwaites: We have found in practice that a very. 
real advantage is gained by being able to look at a specimen of 
the record before it is sent away for processing. This applies 
particularly to the variable-area system, in which, after taking a 
record of a particular operation, one is able to take away a small. 
piece of film, perhaps containing a calibration strip, develop it 
—not very precisely because it is not critical—and then measure 
the width of the tracks with a travelling microscope. This gives 
an indication of whether the record will be of any use, and gives 
one more confidence in sending away the record for processing. 

After the record has been processed, it is very useful to be able 
to identify specific phenomena—not only those which one 
expects to find but those which are suspected and about which 
there is no certainty. For example, the output of some radar 
device may be recorded, and during a run, a fault may develop 
which results in oscillation. If the data were run through a 
reader, and the output fed into the computer, with no examina- 
tion of the record, we would be unaware that there was anything 
peculiar about it and a spurious answer might result. If the 
film were first run through the rewinder the fault would become 
apparent. 

We go further than Mr. Coales and put calibrations on films” 
of the particular variable which we are recording. For example, . 
if we were recording the angular movement in two co-ordinates — 
of a radar beam, we should not only record the calibration of 
the instrument in terms of voltage, but we should also insert. 
a calibration strip giving the angle of beam motion. Therefore, 
when the film has been processed it gives all the information 
required for complete analysis. . 

A great deal of trouble can often be saved if one can see the” 
data as they are being recorded. Therefore we have made a 
standard practice of connecting in parallel with this device either 
a pen recorder of the conventional type or an oscillograph. 

It often happens that we require to determine the correlation 
between two simultaneously occurring functions. Both variables” 
can be recorded simultaneously on the two tracks, and they can 
be replayed on the reader and fed directly into a computer. An 
example of this is the determination of the amount of cross- 
coupling in two orthogonal servo-control systems in which the 
resolving system is not perfect and we are not certain how 
imperfect itis. The fact that it isa d.c. machine and has constant- 
amplitude response over a considerable band of frequencies is 
also very useful, because one has an opportunity of applying 
any particular smoothing process desired on the data during the 
reading process and not during the recording process. This 
leads to a wider range of treatment which can be applied to the 
data. ‘ 

One particular application was, I think, not intended. Thé 
upper frequency response of the recorder and reader is limite 
partly by the finite width of the slit. This provides a ready-mad 
machine which applies rectangular smoothing to data, and 
propose to use this property for comparing the efficiencies O 
practical filters, on a particular type of data, with the theoreti 
rectangular filter. 


running loop on a magnetic-tape recorder. 
recording and the pick-up heads at different points on the loop 
‘a “memory” can be created, in time equal to the time taken for 
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Another application of the transcriber is for the recording 


_of standard waveforms on to films for test purposes. One of 


the most useful films we have at present is of random numbers. 


The frequency-shift ability of the system is also very useful 


because we can take the response of relatively slow-moving 
devices such as mechanical servo mechanisms, speed up the film 
during reading and determine the power spectra with a con- 
ventional spectrum analyser. 

Mr. W. Bamford: It often happens that random transient 
occurrences require to be recorded—an example being a fault 
on a power-supply network. To do this in the traditional way, 


| Le. by continuous recording, is very expensive even with low 


chart speeds, and unsatisfactory because of the very short 


‘duration of the occurrence and the cramped record. 


One instrument is in use which meets these disadvantages by 
printing a record only for a short time which, by a simple and 
ingenious method, includes the few seconds before the fault 


_ occurs. 


Another device has been used which includes a continuously 
By spacing the 


the tape to pass from one head to the other. Such a loop can 
be played back on a cathode-ray tube after the occurrence of a 
fault. 

It is difficult, however, to use it for re-recording permanently 
because of the mechanical problem of removing a magnetized 
loop from one machine to another and re-recording accurately, 
and also because of the complication of extending the time-base 
in order to improve the legibility of the record. As each loop, 
on the occurrence of any fault, would automatically cease to run 
in order to preserve the record, there would have to be a system 
of collecting the tapes and replacing them in order to provide a 
reasonably continuous service. 

It is now suggested that a centrally disposed film recorder 


could deal with a number of such tape-recording machines, 


being connected to any one, as required, through the tele- 
communication network. On the occurrence of abnormal 
conditions the pick-up head concerned would transmit a code 
signal which would couple it to the film recorder and provide a 
recognition signal. The film would then record from a period a 
few seconds prior to the fault the signals recorded on the tape 
until a sufficient time had elapsed. It would automatically 
expand the time-base sufficiently and provide a permanent 
record with all data upon it. It seems possible that one film 
equipment could meet the requirements of several strategically 
placed magnetic tapes. 

I have no conception of the economics of this proposal, nor 
of its technical possibility. It would, advantageously, require 
some seven records on one film, plotting three voltage, three 
current and one time measurements. Could this be done by 
using a wide film in order not to sacrifice too much of the 
accuracy which the author claims? 

Mr. J. A. Colls (communicated): The author rejects all methods 
employing cathode-ray tubes on the grounds that the lateral 


THE AUTHOR’S REPLY TO 


Mr. H. McG. Ross (in reply): It is very interesting to learn 
from Mr. Thwaites of the practical uses (some of them un- 
expected) of this equipment. Having carried out the develop- 


‘ment work and laboratory testing, it is gratifying to note the ever- 


increasing applications of the apparatus. 

It would probably be possible to meet Mr. Coales’s require- 
ment and obtain a useful record at 10kc/s. On the debit side 
there would be a significant increase in film consumption since 
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weave of the film is inevitable, that deflectional linearity is 
difficult to achieve, and that complex electronic circuits are 
required. On the contrazy, the first of these objections is easily 
removed by suitable design of the film gate, while modern 
cathode-ray tubes with flat screens are more than adequately 
linear, and any apparent complexity of circuit design should be 
offset against the mechanical complexity and high power 
consumption of alternative equipment. 

Two types of cathode-ray reproducer may be considered here. 
One is a line-follower operating on the principles briefly de- 
scribed in Section 1.4, and the other is an edge-follower working 
on a single-sided variable-area record. Both have the advantage 
of a feedback loop which includes the film record, and provided 
that suitable precautions are taken to obviate the effects of burns 
or other irregularities on the tube screen, the accuracy depends 
mainly on the deflection characteristics of the tube. The latter 
in turn are dependent only on the geometry of the tube and the 
applied anode voltage, which may readily be stabilized to the 
required accuracy. The system described in the paper, on the 
other hand, is an open-loop system, in which the linearity and 
constancy depend on a number of factors such as the light output 
from the lamp, cleanliness and parallelism of the slit, linearity of 
the photocell, and amplifier gain, all of which are somewhat 
difficult to control. 

Both systems also have the advantage that they can operate on 
the original negative record, thus cutting down the amount of 
photographic processing by a considerable factor, in all cases 
where multiple copies of the record are not required. 

The line-follower has the great advantage that it can accept 
records made on a wide variety of cathode-ray or Duddell 
oscillographs, or even ink records on paper, and is thus in many 
ways the ideal general-purpose reproducer. It is admittedly 
somewhat complex, but complexity in the reproducer would 
appear to be relatively unimportant compared with the advantage 
of simplicity and universal availability of suitable recording 
equipment. Its performance is also somewhat better than the 
figures claimed for the variable-area system, the frequency limit 
being about 100 c/s for 1% error, with good linearity and zero 
stability. 

The edge-follower is very much simpler in circuit design, and 
can reproduce frequencies up to at least 3 000 c/s, but, of course, 
it has the disadvantage of requiring special recording equipment. 
Up to the present, little attention appears to have been given to 
the development of a suitable cathode-ray recorder for this 
purpose, and the Duddell type would appear to be simpler and 
less bulky. 

The system described in the paper does not by any means 
exhaust the possibilities, and the relative merits of other systems 
should be taken into consideration, especially if the object is to 
select equipment of general application. One very interesting 
possibility would be to apply spot-wobble to a cathode-ray 
recorder, thus producing a broad line, and reproduce by means 
of an edge-follower working on one edge of the line. Such a 
system might well be found to combine optimum performance 
with maximum simplicity. 


THE ABOVE DISCUSSION 


it would have to be moved faster, and a general reduction of 
accuracies arising, in part, from a reduction of damping in the 
oscillograph unit. 

I would not attempt to transcribe a second record on to a film 
already carrying one trace; it would be far better to record two 
separate negatives, and then have them combined when the print 
was made at the film laboratory. 

Mr. Bamford’s suggestion provides an interesting example of 
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the combination of magnetic-tape and film-recording techniques. 
It takes advantage of the particular assets of each, i.e. using the 
tape over and over again and obtaining the permanent record on 
the film, which can subsequently be analysed thoroughly. 

The use of wider film is to be deprecated; in fact, the 
quality of the recorded traces with this equipment is very 
good, and it might well be possible to carry more tracks on the 
35mm film. I feel that in such work electrical engineers should 
only depart from standard motion-picture cinematographic 
practices when there are compelling reasons. In the cinemato- 
graph industry there is a great fund of knowledge for over- 
coming all those small practical difficulties which do not appear 
in reports or textbooks. 

I look forward to reading the full report on the equipment 
proposed by Mr. Colls, particularly with respect to knowing 
what is meant by its “good linearity and zero stability,” and 
whether its flexibility for reading from many types of record 
makes it a “‘jack-of-all-trades’’ equipment. 

All systems using cathode-ray tubes, including those sug- 
gested by Mr. Colls, are likely to suffer from the disadvantage 
that records made with one tube may give erroneous readings 
when reproduced with another tube; this is due to the local 
irregularities of the screen and variations in the tube geometry. 
It is very important that records should not lose their accuracy 
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and validity with the passage of time, nor be affected by replace- 
ment of items like tubes or valves. 

Unless its effects had been cancelled out, the film weave usual 
in cinematographic equipment would have used up the whole of 
the 1% error which was the design target for the present equip- 
ment. It is contrary to good cinematographic practice to rely 
on precise lateral location of traces on the film (for a multiplicity 
of reasons), and this principle should only be departed from 
when precise tests have shown the effect to be unimportant in 
any particular application. 

The disadvantages of the open-loop system of the present 
equipment are recognized, although they are lessened by being 
relevant only during playback, which is done in the laboratory 
and may be repeated. All alternative systems (including 
magnetic tape) seem to require, during recording, more complex 
equipment or operation. The present variable-area apparatus 
has—apart from switches—only one adjustable control which. 
has to be correctly set for recording, i.e. the zero-adjuster, and 
it has been found that the range for this can be so limited that 
even an extreme error in setting can be cancelled out by the 
zero-signal calibrating exposure. It is general experience that, 
at some:time or another in the stress of trials recording, every 
adjustable control on the equipment will be turned to the wrong 
setting. 


— 
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SUMMARY 


The paper embraces the principal facets of thermionic valve 
reliability. 

It begins by defining the various types of reliability requirements 
and then deals with the authors’ own work in designing and manu- 
facturing “trustworthy” valves with the objective that they shall give 
trouble-free service under conditions of vibration and shock. It is 
stated that, although work was concentrated on only one form of 
reliability, it has proved to be a major contribution in dealing with other 
reliability applications. The results so far obtained are discussed. 

Emphasis is given to the importance of the contribution of other 
‘component makers and of close liaison between valve maker and circuit 
designer if maximum circuit reliability is to be obtained. 

In conclusion, the future trends are outlined. 


(1) INTRODUCTION 


The electronics industry has grown very rapidly, and with this 
there has been a large demand for thermionic valves as evidenced 
by the fact that in Great Britain the valve output has trebled in 
the past ten years. A considerable part of this has been absorbed 
by the expanding television market, but there is a significant rise 
in the industrial usage of valves which is likely to continue 
because of the many recent advances in the scientific and industrial 
fields of electronics. 

In addition, the need for self-preservation and the continued 
developments in the Services have shown that electronic devices 
are a necessity with the modern conception of war. Yet at the 
start of the Second World War the valve was just a useful adjunct. 
The vastness of the changes is best illustrated by specific examples. 
The value of the electronic equipment in the latest-type flotilla 
leader destroyer approaches 100 times that of its 1940 counter- 
part, whilst a battleship has a valve complement of 9 000. 
The electronic equipment in a modern aeroplane costs nearly as 
much as the complete airframe. The 1940 fighter had 20 valves 
whilst the latest ones have 600, and a modern bomber needs 
2 000 valves to function efficiently. 


(2) GENERAL HISTORICAL STATEMENT 
The quality standard of the valve designed and manufactured 
to meet the modest requirements of receivers for home enter- 
tainment purposes has been the only one generally available for 
military and industrial uses, and it is therefore not surprising 


that the average operational life of such equipments per valve: 


fault has been measured in very small numbers of hours. 

Requirements for better-quality valves have arisen from the 
following sources: 

(a) Manufacturers of computing equipment, since a single pulse 
at the wrong time can ruin a whole operation because of the 
presence of a memory which remembers errors as well as the 
information to be processed. A single installation can use up to 
1 800 valves or more, and many investigations have been initiated 
by the user to improve the equipment reliability by the study of 
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valve failures and the devising of preventative maintenance 
techniques. 

(b) Civil aviation organizations, which had paramount safety 
requirements in all-weather operation and in addition found that 
their economics were seriously affected by the loss of operational 
time caused by faulty equipment. 

(c) Government sources, where it was realized that the loss of 
valuable equipment, the success of an operation, and even the 
turning point of a whole war, could depend on the reliability of 
a component. Improvements had therefore to be achieved 
regardless of cost. 

Pressure from these sources has resulted in the setting-up of 
major programmes of development of “reliable”? valves in both 
the United States and Great Britain. 

The large-scale effort in this country dates back to 1949, when 
the Government placed development contracts for the design of 
““plug-in’’ replacements for valve types on their Preferred List. 
Subsequent contracts for the development of new types have 
called for these to be “‘reliable” ab initio. 


(3) CONCEPTION OF THE RELIABILITY PROBLEM 


(3.1) Definition of Reliability 


The Oxford Dictionary defines “‘reliability” as “‘the quality of 
being reliable,” and “‘reliable’’ as “that may be relied upon; in 
which confidence may be put; trustworthy; safe, sure.” 

The application of this generic word to valves is fraught with 
many complications, and usually needs a careful association with 
the end-usage to make it significant. 

One attempt at definition has been to state that “reliable” 
valves are those valves so designed and manufactured as to give 
continuity of operation superior to ordinary commercial valves. 

Another, attributed to Callick, is that ‘‘a reliable valve is one 
having a very high probability that it will operate normally when 
taken from stock and installed in equipment for which it is 
intended, and a very low probability that it will fail during 
subsequent operation in that equipment for some definite period 
of time.” 

The valve industry in Great Britain has been disturbed by the 
fact that the description of certain grades of valves as “reliable” 
leaves the implication that others not so designated are ‘“‘unre- 
liable,” and thus it has attempted to overcome this by introducing 
the generic reference ‘‘special quality’’ valves, defined as follows: 

A “special quality” valve is a valve which has certain design 
and manufacturing features making it suitable for use under 
conditions different froni, or in excess of, those experienced in 
normal radio or television receivers, and when operated under 
stated or agreed electrical or mechanical conditions it has an 
acceptable statistically determined expectation of life. 

The different electrical and mechanical operating conditions 
that are possible lead to the following classes of “‘special quality” 
valves : 

Class (i): Valves to give particularly long lives under conditions 
where they are not subject to appreciable mechanical shock—e.g. 
repeaters and computers. 
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Class (ii): Valves to give normal lengths of life under moderate 
conditions of vibration and shock—e.g. equipment for the Armed 
Forces, civil aircraft, mobile communications and some industrial 
uses. 

Class (iii): Valves to withstand particularly severe conditions of 
vibration and shock where comparatively short lives can be 
tolerated—e.g. projectiles and guided weapons. 

Class (iv): Valves to give high electrical stability and normal lives 
under conditions where they are not subjected to appreciable 
vibration and shock—e.g. d.c. amplifiers. 

Note: These classes must not be regarded as mutually exclusive, 
and combinations of the attributes inherent in each class may be 
incorporated in a particular type. 

The major emphasis in the paper relates to work done on 
reliability as defined by Class (ii), but it is fortunate that the 
improvements so made represent a substantial contribution 
towards better performance in the other classes. 


(3.2) Economic Conception 


As explained10° elsewhere, for a long while valve engineers 
have considered that the standard of valve reliability achieved 
bears a close relationship to the price the customer has been 
willing to pay. 

The acceptance of the fact that there were many usages where 
the low-cost limitation imposed by the commercial radio and 
television market does not apply has permitted the valve engineer 
to embark on this quest for the better valve. 

The authors have evolved a practical objective in which the 
standard required is defined as.the highest reliability which can 
be obtained, commensurate with the ability to manufacture by 
mass-production methods. 


(3.3) Definition of Requirements 
(3.3.1) General. 

Analyses of the failures occurring in service showed that these 
were greatest when valves were used under conditions of vibration 
and shock. Some valve manufacturers have reacted to this 
realization by adding strengthening members to existing valve 
structures, but it has often happened that the modified valve 
obtained by this arbitrary means. is not necessarily better able to 
withstand onerous conditions of usage. 

The authors have found that the sounder method has been to 
use a logical and scientific approach which may have taken 
longer in time but has produced more satisfactory and positive 
results. Thus a start was made by drawing up specifications 
which described and correlated the conditions of field usage. 
Subsequently, laboratory equipment was designed so that a 
comprehensive study of the mechanical and electrical parameters 
of typical valves could be made. 


(3.3.2) Mechanical. 


A mechanical specification could be established only by 
investigating the vibration and shock conditions which were 
encountered in equipment. This was done in 1949 by a Govern- 
ment panel which proposed a range of tests to be used as target 
mechanical requirements for the development of reliable valves. 
After joint discussions with the valve manufacturers, the final 
agreed mechanical testing specification for reliable valves was 
written and has been given in a paper by Hunt.64 


(3.3.3) Electrical. 


The basis of the development programme for valves of in- 
creased reliability was that these were to be electrically indis- 
tinguishable from the original prototypes and therefore ‘the 
conditions and limits of the appropriate test specification would 
apply to the reliable valve. However, as the work proceeded it 
was realized that in order to take full advantage of the improved 
mechanical performance in terms of useful life, it was desirable 
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for the electrical parameters to be held to closer tolerances and 
some reduction of characteristics drift was envisaged. It was 
also considered that some reduction in electrical noise and 
microphony would result. Thus the electrical requirements were 
defined as: 

(a) Fulfilment of the conditions of the existing test specifica- 
tions. 

(6) Reduction of characteristic spread. 

(c) Minimum drift of characteristics, 
life. 

(d) Reduced electrical noise and microphony. 


particularly in early 


(3.4) Life Considerations 


Published information?®49 on the life performance of valves 
has dealt with many facets of this complicated problem, but in 
most cases it constitutes factual data resulting from quantity 
testing with deductions based on an empirical approach. 

Reliable detailed data on adequately controlled tests are 
difficult to obtain, and pending the availability of this it has been 
thought worth while to attempt a theoretical appreciation so that 
suitable mathematical formulations shall be available for the 
effective assessment in due course. 

By assuming various failure rates it is possible to evolve failure 
curves for each by considering the valve failures in a finite 
population of valves as subject to treatment as a stochastic 


process. As an example, Fig. 1 illustrates the constant “‘death 
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Fig. 1.—Survival curves of valves. 


rate” case which gives an exponential type of decay curve, and 
also shows the serious decrease of life expectancy when close 
tolerances are imposed on a particular characteristic. 

The mathematical treatment is outlined in Appendix 13.1. 


(4) EVOLUTION OF MECHANICAL TESTING awa 


(4.1) Vibration Testing Equipment 


The authors first met the problems of designing valve vibration 
equipment early in 1949 in connection with the failures of double- 
triode valves used in an auto-pilot equipment. The rejection of 
some mechanical defects was found possible by mechanically 
shaking valves on a vibrating platform mounted on an electric 
motor, which, in turn, was rubber-mounted on a base plate, 
the motor having an out-of-balance weight on its spindle. 
However, with this type of apparatus it was very difficult to 
deduce the forces applied to the valve, and a more conven aa 
mechanical-vibration table was devised in which the table moved 
horizontally between guides and was motor-driven from an 
eccentric cam. With this machine the amplitude of vibration is 
fixed by the dimensions of the cam, but the frequency an 
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acceleration parameters are independent. Thus it was not 
easy to decide the relative stressing effects of acceleration and 
frequency. 
Experiments were then carried out on a third form of mechanical 
‘test equipment, often described as a ‘“‘bump testing’’ machine, 
which was essentially a hinged board, oscillated by a cam drive. 
Because it subjected valves to many repetitive shocks it revealed 
mechanical weaknesses, but it suffered from the disadvantages of 
the first equipment described because it did not allow precise 
investigation. Such mechanical testing machines can be of value, 
particularly in the case of small-quantity manufacture, but the 
information derived from them cannot easily be evaluated for 
| design purposes since they serve as a go/no-go test rather than 
as a controlled deterioration test. Wear on the various moving 
parts causes distortion of the waveshape with consequent mis- 
leading results and also makes difficult the correlation of equip- 
“ments built by different manufacturers. 
| About this time the detailed Government mechanical specifica- 
tion was evolved and it was realized that, in addition to the 
limitations mentioned above, it was unlikely that mechanical 
equipment could be produced to give reliable operation at the 
desired higher frequencies, and therefore design work was 
concentrated on using some form of electromagnetic transducer. 
After many experimental models were made, the final equip- 
ment consisted of an automatic recorder vibration unit capable of 
fatigue-vibration testing more than 100 miniature type valves at 
a time. The table was excited from a De Havilland Type 1/D3 
moving-coil vibrator driven by a 100-watt amplifier and oscil- 
lator. Monitoring was achieved by bringing the anodes of 
_the valves out separately, amplifying the noise voltage developed 
across an anode load resistor and referring this to the preset grid 
voltage on a gas-filled rectifier, which operated relays to indicate 
“good” or “bad” valves on a roll of special paper. Such 
equipment had to be free from vibration-table resonances, and it 
was found necessary to replace solid-steel tables by others using 
‘a composite construction of aluminium. 
Recent work on valve design has indicated that unless higher 
accelerations are used for fatigue testing, the failures will be so 
few that the test will not be sensitive to changes in quality. It 
|has been found that testing systems employing a resonant bar 
will give up to 50g with a load up to 81b, and a prototype vibrator 
is being used to establish whether these higher accelerations 
increase the severity of the test without producing other cata- 
\strophic failures not found in normal valve-life under arduous 
conditions. 


(4.2) Shock Testing 


Advantage was taken of the fact that the United States had 
standardized an equipment known as the “Taft—Pierce fly-weight 
high-impact shock machine.” To make it more suitable for the 
testing of radio valves a reduced scale model was constructed. 


'A photograph of this machine has been published.*5 


(4.3) Centrifuge Testing 


For accelerations above 1 000g, centrifuge testing equipment 
is necessary, but it is not considered that such apparatus gives 
better information than is obtained by vibration methods. . 


(4.4) Resonance Search Testing 


A simple form of electromagnetic transducer using a variable- 
\frequency oscillator was used initially but was superseded by a 
‘more elegant apparatus described elsewhere.®5 
| With this equipment the valve under test can be vibrated in any 
‘direction, but it is usually mounted parallel to the minor axis of 
‘the grid structure and is operated in class A conditions with 
a suitable anode load resistor. The a.c. noise voltage at the 
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anode of the valve is displayed on a cathode-ray tube, and by 
traversing the frequency spectrum it is possible to make a film 
record of the peak noise output against frequency. 

The equipment is limited in its upper frequency by the 
efficiency of the transducer, and for investigations above 3kc/s 
other forms of excitation have been sought. One possible 
method!00 which has proved very satisfactory consists in mounting 
the valve in front of a loudspeaker energized by a variable- 
frequency oscillator and selecting the resonant peaks in the test- 
valve output as the frequency is raised to the cut-off point of the 
loudspeaker. By this means a complete resonance spectrum up 
to 15kc/s can be produced for any valve. 


(5) STUDY OF EXISTING COMMERCIAL VALVES 


(5.1) General 


Over the years there has been a steady increase in the number 
of valves used per equipment, and the imperative need to get 
more and varied equipment into the smallest possible space led 
to the desire for smaller valves. Comparatively small valves had 
been made for specialized uses more than 20 years ago, and there 
was some small commercial production of hearing-aid valves in 
the late 1930’s, but the real impetus on size reduction came in 
1941, when valves were required for use in proximity fuses. The 
valve maker saw in miniaturization a basic way towards lower 
costs by savings in materials, but the much more important 
advantage of increased ability to withstand vibration was not 
appreciated until later. The ratio of strength to mass increases 
with reduction of size, whilst the low centre of gravity of the 
mount and the short mica-to-mica distance favours ruggedness 
against shock. Furthermore, the smaller mass and size make 
the glass structure inherently less prone to breakage on impact 
and glass strain. Thus it was logical that work should be con- 
centrated on small all-glass valves. 


(5.2) Results of Mechanical Testing 


As an integral part of the early development of reliable valves, 
normal commercial valves were subjected to mechanical testing 
and the rate and type of failure were observed. 

The commercial equivalent of a trustworthy type was used 
as a datum line (or control) in experiments on reliability, and the 
success of the design was measured by reference to the failure 
rate of the commercial equivalent. 

Since no previous study had been made on vacuum tubes under 
these conditions of vibration and shock, little was known of how 
normal valves would withstand the proposed tests. All that had 
been established was that valves were unsatisfactory in the field 
under conditions which were reputedly simulated by these tests. 

Shock testing showed two effects. First, the initial shock tended 
to cause a general reduction of anode current, and subsequent 
shocks had no effect, this phenomenon being most noticeable in 
valves with high mutual conductance. Secondly, the electrode 
distortion caused by shock testing was most severe when the 
direction of shock was along the length of the valve or along the 
minor axis of the grids. With commercial valves, shocks greater 
than 1 000g caused complete electrode collapse. 

Centrifuge testing revealed that there was a critical accelera- 
tion below which long periods of testing would have no effect, 
but above which complete failure would result in a few seconds. 
The limiting acceleration was lowest for valve designs where the 
anchoring of the assembly to the glass base was weak. 

The most severe form of test was found to be that of vibration 
fatigue where the types of failure analysed included all those 
observed on the other tests. Initially, and in the first few thousand 
vibrations, there were a number of short-circuits and dis- 
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connections, whilst gas and low-emission failures due to mica 
dust appeared later. Early tests were done under class A 
conditions, but it was established as equally effective, and 
simpler, to omit the h.t. supply and to operate with heater supply 
only. The rate of failure varied from type to type, and such 
failure curves all had the same general shape although the tests 
were carried out at different frequencies. When replotted with the 
numbers of vibrations as the abscissae (Fig. 2) such curves then 
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Fig. 2.—Survival rate as a function of the number of vibrations. 


became almost coincidental. Thus the total number of applica- 
tions of the force seem to be more important than the actual 
vibration frequency used, and this evidence is disturbed only if 
any resonant frequency of the valve system coincides with the 
frequency of vibration. 

Some commercial valves were found to have been very well 
designed mechanically. For instance, valve type 6AL5 survived 
much better than the 8D3/6AM6: of a number of 6ALS valves 
only 20% had failed after 25 000 vibrations, whereas a similar 
number of 8D3 valves had all failed at 15 000 vibrations. 


(5.3) Correlation with Field Failures 


It was not easy to get correlation of these vibration-life results 
with those available from the field. In the early stages of the 
development work, no controlled experiments were being carried 
out and the only information obtainable showed the type of 
failure without any life indication. 

Table 1 gives the frequency of occurrence of particular faults, 
the majority of which were short-circuits and disconnections 
similar to those occurring early in the vibration period. 


Table 1.—DIsTRIBUTION OF FIELD FAILURES 


Computer | Services 
(stationary use) (mobile use) 


Electrical .. es ay 68 


Mechanical .. 


Glass .. 


(5.4) The Application of Selective Tests to Commercial Valves 


By employing special mechanical tests in addition to the 
electrical characteristic tests required to maintain a strict control 
of the product, it was found possible to select from normal 
commercial production a proportion of valves that would give a 
better performance than the unselected product. This was not 
at variance with the essential idea of valve reliability but rather 
supported it. 


When used in equipments not subject to mechanical vibration — 
or shock, valves selected in this way give a high standard of per-— 
formance which may be termed reliable, whilst under vibrational 
conditions such valves show a considerable reduction of ca 
strophic failures. This point has been proved both by field results" 
and from special vibration tests conducted on the valves 
themselves. - 

Experience with the selection of commercial radio valves by 
special tests has shown that it has formed a satisfactory interim _ 
measure before the fully reliable valves become freely available. - 

In addition, there are many of the older valve types required | 
for maintenance purposes only, and because it would be im-— 
practical in time and expense to redesign these for full reliability, | 
a programme such as this represents the best compromise. 

r 
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(6) LABORATORY WORK TO ACHIEVE RELIABILITY x 


The laboratory work to achieve reliability can be classified in ’ 
three sections, namely (a) mechanical aspects of valve design, — 
(8) electrical considerations, and (c) glass technology. 


(6.1) Mechanical 

The results of mechanical tests on commercial valves and 

information received from analyses of field returns have revealed 

the mechanical shortcomings of the structure and components 
of existing valves. 


(6.1.1) Valve Structural Considerations. 


Fatigue life-tests on the harmonic vibrating table showed that 
the most serious cause of valve failure was the evolution of gas, 
resulting in cathode poisoning or breakdown. The cause of this 
gas evolution was traced to frictional movement between the 
mica insulators and the valve envelope and components, and the 
elimination of this has been the most important contribution to 
valve longevity under conditions of vibration and shock. 

To prevent longitudinal movement of the cage, careful atten- 
tion must be paid to the design of the cage-stem connections. 
The aim is to achieve as many direct connections as possible 
between the cage and the stem and to locate them close to the 
periphery of the cage in an approximately equilateral arrange- 
ment. All stem wires should be kept as straight as possible to 
minimize “‘springing’’ under longitudinal forces. Anode lugs, 
shield lugs, heater bars and mica clips can be used to achieve 
the rigid cage-stem conditions. All such anode and shield lugs _ 
are either bent over mechanically to hold the cage firmly to the 
bottom mica or they are taped. Similar conditions apply to the 
top mica, and the result is a mount of extreme rigidity which 
prevents relative axial motion between mount and envelope. 

The problem of lateral movement inside the bulb itself has to 
be taken care of by the provision of bulbs made to close internal 
tolerances and an accurate control of mica-bulb interference by 
the judicious dimensioning of the snubbering micas. 

The general trend in structural. design has been towards 
shorter structures to lower the centre of gravity of the valve and 
to raise its inherent resonant frequencies. Shorter components 
will have a lower ratio of length to moment of inertia, which will 
give a smaller amplitude of movement for a given energy input 
with a resultant reduction in resonant noise output from the valve. 

Many vibration-life failures are caused by the getter. 
getters can give rise to short-circuits and random noise, 
faulty directioning of the getter spray can cause noise through 
electrical leakage across the mica. Also, cantilever mounting of 
normal “‘horseshoe”’ getters gives rise to a low-frequency noise 
of about 1kc/s. Not only have improvements to welding te 
niques been made, but getters are now welded in two places 


‘possible, and these welds are widely spaced to achieve beam 
mounting, thereby inhibiting vibration and reducing the possi- 
bility of looseness. Where mount height permits, an additional 
“splash” insulator is incorporated to prevent getter spray 
causing leakage between electrodes on the main insulator, and 
in the event of weld failure this prevents the loose getter member 
from causing a short-circuit between electrodes. 

Two important considerations which guide structural design 
are that the design of insulators, anodes and shields must be 
such as to promote the rapid exhaust of gas, and as ease of 
assembly is a direct contributor to reliability in the final valve, 
attention must be given in the design stage to the possibility of jig 
assembly of the components into sub-assemblies, and thence 
into the final mount. Fig. 3 illustrates some of the principles 
described. 


GETTER WELDED 
IN TWO PLACES 


INSULATOR PROTECTING 
STRUCTURE FROM 
GETTER SPLASH 


TwO LUGS ON ANODE 
LOCKED BY STRAP TO 
MICA 


EDGES OF ANODE BENT 
OUT FOR STRENGTH 


ONE-PIECE RIBBED ANODE 
STRUCTURE WITH TWO 
BARS 


HEATER BARS FIXED 7o// 
MICAS AND WELDED TO 
VALVE LEADS 
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Its use is sometimes precluded because of electrical charac- 
teristic requirements, and it is then necessary to use other 
sections in the following order of preference: oval flattened on 
the minor axis, flat major axis produced from tubing, rectangular, 
oval. 

Considerable research has taken place to find suitable nickel- 
alloy cores with improved hot strengths without sacrificing other 
necessities such as satisfactory emission current-densities obtain- 
able with reasonable treatments. 

Another cathode requirement which has been in the forefront 
in recent years is that there shall be a low rate of interface growth. 
In Great Britain the normal core material has had magnesium 
as the main impurity and therefore this country has not been so 
much embarrassed with this phenomenon as others which use 
silicon additive. 


CATHODE LOCKED 
IN TOP MICA 


DOUBLE MICA 
(NSULATORS 


IN MICA 


EXTRA ANODE 
SUPPORT 


DIRECT TO GRID SUPPORTS 


(b) 


EXTRA SUPPORT HERE 


Fig. 3.—Typical valve construction. 


(a) Trustworthy. 


6.1.2) Heaters. 

To achieve maximum reliability it has been necessary to use 
ungsten exclusively and to design for the maximum volume of 
eater core material so that the heater temperature can be kept 
is low as possible consistent with operating requirements. 

In all circular cathode designs the double helical heater has 
een used, whilst with valves having shaped cathode sleeves the 
amp-coil heater has been chosen as the next best design for 
eliability. 

Special coatings made from mixed aluminas have been evolved 
o ensure that the coated heater will not fracture during life and 
vill have adequate heater-cathode insulation. 


6.1.3) Cathodes. 

The rigidity of the cathode itself is very important if maximum 
alve reliability is to be achieved. 

A study of the mechanical strengths of various sleeve cross- 
ections has shown that the circular one is the strongest because 
t has the greatest moment of inertia of cross-section for a given 
eriphery. It is also preferred because it is the easiest to manu- 
acture and diameter tolerances as small as +0-0003in can be 
1aintained. 


(6) Ordinary. 


It is fortunate that the alloy metals contributing to increased 
strength have also given lower rates of intérface growth. Com- 
parative values obtained after 500 hours in the cut-off condition 
at slightly elevated cathode temperatures are: 


“O” Ni Experimental 


alloy 


Material 


resistance, 


Interface 


ohms/cm2 80-2 000 20-80 1-5 


Tests up to 2000 fours show that the experimental alloy 
does not give any appreciable increase in interface resistivity 
after 500 hours, but with “O” nickel, this resistivity rises to 
800 ohms. 


(6.1.4) Other Components. 

The grids used have been improved versions of normal com- 
mercial grids, but oval profiles are preferred as being the strongest 
and are used with minimum-length laterals and wires of the 
largest possible diameter to achieve the highest resonant fre- 
quencies and the lowest amplitudes of resonant vibration. 
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Anodes and shields are designed to obtain. the maximum 
insulator-component rigidity, and increased mechanical strength 
is achieved by the use of the strongest profiles and by the scientific 
positioning of ribs. 

It is unfortunate that mica is still the most suitable material for 
insulators, and there is a need for an alternative material which 
does not split or flake or suffer from serious frictional wear. 


(6.1.5) Insulator-Component Locking. 


Adequate attention to the locking together of the various com- 
ponents is essential if mechanical rigidity and subsequent freedom 
from vibration are to be obtained. Such locking has to take into 
account the fact that whilst restricted movement is necessary 
during operation there must be sufficient freedom for expansion 
under heating. 

Design techniques for securing cathodes, grids and pressed 
parts to meet these requirements have been evolved. 


(6.2) Electrical 
(6.2.1) General. 

The limiting sensitivity of most electronic equipment is the 
signal/noise ratio which, it is accepted, can be improved by 
suitable choice of circuit and valve. However, the authors have 
found that the noise output of valves is predominantly caused by 
mechanical loosenesses and that noise due to electron movement 
is a second-order effect. .Under adverse operational conditions 
the noise output may swamp low signals or may provide false 
information at the output, and therefore an important feature of 
reliable valve design is to minimize the noise output under 
vibration. 


Fig. 4.—Resonant noise output from a valve. 


Fig. 4 is a photograph showing the resonant noise output 
from a valve as obtained on the resonance test set. Analyses of 
many such results show that the noise output spectrum can be 
divided into two distinct regions: 

(i) A low-frequency noise which is fairly independent of 
frequency up to about 500c/s and varies in amplitude from valve 
to valve. 

(ii) Discrete bands of high Q-factor resonant vibrations at 
frequencies generally above 800c/s. 


(6.2.2) Low-Frequency Mechanical Noise. 


The resonance search equipment previously described is over- 
elaborate for the investigation of low-frequency noise, and a 
simpler and more flexible system has been produced using a 
proprietary vibrator driven by a 100-watt amplifier. This arrange- 
ment allows small masses such as miniature valves to be vibrated 
at accelerations up to 30g. The valve is operated in a class A 
circuit, and the noise output is developed across the anode 
resistor and presented across a 15-ohm load. 

Fig. 5 shows the distribution of noise output in a batch of 
commercial valves; the long tail of valves with high noise values 
is typical of normal domestic valve production. 

The noise output spectrum at low frequencies is complex and 
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Fig. 5.—Low-frequency noise distribution. 


has been investigated by vibrating valves deliberately made with 
certain loose components. It has been found that vibration in 
the vertical plane produces a spectrum which has little relation- 
ship to the loose component and is distorted by spurious effects 
such as electromagnetic deflection of the space current by the 
vibration field. Vibration across the major axis is much more 
definitive and is therefore invariably specified for test purposes. 

It has been shown elsewhere!®2 that for a given displacement 
the cathode produces a greater change of anode current than any 
other electrode, and thus the satisfactory fixing of the cathode is 
of the highest importance. In Fig. 6 is shown a typical frequency 


mV 


NOISE OUTPUT, 


fe) 100 


200 
VIBRATION 


500 
FREQUENCY, c/s 


Fig. 6.—Noise output due to loose components. 


spectrum which is due to cathode rattle and is flat-topped because 
of saturation effects. The same diagram illustrates the noise 
from a No. 1 grid and also the effect of mount resonance. 
With better valve design and manufacturing methods, the 
level of low-frequency noise at the standard measuring accelera 
tion of 2-24g becomes very low, particularly in sub-miniature 
valves, and to investigate the possibilities of further improvements 
it has become necessary to use higher values of acceleration. 
Tests are now being made at 12-15z but there is a lack of corre- 
lation between noise levels at 2 and at 12g. There appear to be 
three categories as indicated in Fig. 7, namely: 
(a) Valves which show low noise at 2g and 12g because the 
electrodes, particularly the cathode, are locked effectively and 
remain so for many hundreds of hours of vibration. 
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(6) Valves which show low noise at 2g but are noisy at 12g. 
_Here the electrode locking is effective initially but fatigues under 
vibration. 

(c) Valves which are noisy both at 2g and 12g owing to unsatis- 
factory locking. 


Valves of category (b) cannot be guaranteed for continued use 
even at-2g, and there is a case for testing all valves at, say, 12g, 
to afford adequate cover for lower-g working. 
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Fig. 7.—Comparison of valve noise at 2g and 12g. 


(6.2.3) H.F. Resonances. 


At frequencies above 800c/s the noise output from a valve is 
essentially sinusoidal because it is due to inherent resonance of 
the valve components. 

Most of the resonances are due to the grid supports and lateral 
wires, the latter giving discrete bands of resonant frequencies due 
to the slight variations in the dimensions of the individual lateral 
wires of a grid (see Fig. 8). Consideration of the modes of 
vibration of the various components has made it possible to 
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Fig. 8.—Resonances of individual grid lateral wires. 


(a) Resonant frequencies of individual laterals along one side of a grid. 
(b) Noise spectrum due to the grid lateral wires. 
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evolve formulae for determining the resonant frequency of each 
element. Thereby the engineer has been able to pursue the 
theoretical design of valves which have to be free of resonances 
in certain frequency bands.!92 


(6.2.4) Microphony. 

A quantitative assessment of valve microphony may be made 
by employing a loudspeaker system with a suitable response 
characteristic and using acoustic feedback principles. The valve 
under test is mounted in front of the loudspeaker, and its output 
is fed back into a calibrated amplifier which feeds the loud- 
speaker. By adjusting the position of the valve and the amplifier 
gain, the circuit can be made to “‘ring” at the preferred frequency 
of the valve. Measurement of the amplifier gain to achieve the 
threshold of acoustic feedback together with the value of the 
preferred frequency gives a measure of the “goodness” of 
the valve. 

This procedure is used to set the initial design level and can be 
employed subsequently as a factory test; in practice, it gives 
consistent results when operated by semi-skilled personnel. 


(6.2.5) Valve Ratings. 

It is well known that improved reliability is achieved by using 
valves below their maximum ratings, but it is important that all 
specified ratings shall be correlated with the ambient conditions 
under which the valve is likely to have to operate. Ambient 
conditions of high temperature and reduced pressure cause the 
bulb and electrode temperatures to rise, with the following 
possible effects: 

(a) A decreased life expectancy due to the loss of cathode emission 
and/or heater failures. i f 

(b) Grid emission due to contamination, excited at the higher 
electrode temperatures. 

(c) Gaseous condition in the valve due to gases released from 
overheated electrodes and the valve envelope, and by the reversal 
of the getter action. : : ; 

(d) Electrolytic conduction of the glass between pins, especially in 
all-glass rectifiers. 

(e) A drift of valve characteristics. 

(f) An acceleration of interface growth. 


To cover the full range of ambient conditions, rating charts 
must be prepared for each valve type. 


(6.2.6) Stability of Valve Characteristics. 


The problem of the stability of valve characteristics during 
operation is of great importance to designers of most electronic 
equipments and in particular in the design of d.c. amplifiers. 
There are two problems, the long-term life performance of 
valves and the short-term effect where the electrical characteristics 
drift over fairly short intervals of time, i.e. hour by hour. This 
drift is due to mechanical and electrical causes. 

The improved mechanical rigidity of reliable valves has resulted 
in a marked increase in stability of electrical characteristics 
because of the accurate maintenance of inter-electrode spacings. 
This forward step has been further assisted by attention to 
cathode power ratings and heater designs and has made possible 
double triodes of the 6158 class which show improvements as 
illustrated by Fig. 9. 


(6.3) Glass Technology 
(6.3.1) General. 

Valve making involves extensive glass-working operations 
which have evolved from lamp-working practice and are the 
results of long-established practical experience. There is little 
published literature dealing with the technological approach 
whereby theory is applied to practice, but this has been dealt with 
elsewhere by one of the authors. 
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Fig. 9.—Typical 2-hour stability curves for valves of types 6158 and 12AU7. 


A scientific attack has been the study of the stress distributions 
in the bases, the examination of the type of base cracks in manu- 
facture, and the evolution of factory tests which can simulate the 
glass faults found in the field. 

The results of these studies are utilized in a control method 
based on thermal shock testing which has been established for 
the sealing-in and pumping processes. 


(6.3.2) Thermal Shock Tests. 

The theory of the thermal shock test is that if the stresses 
localized at a point are likely to be dangerous to life (because of 
delayed fracture effect), the thermal shock will set up temporary 
stresses which, added to the localized stresses, will cause immediate 
failure from that point. Thus, the thermal shock test “searches” 
for dangerous degrees of tension, the sudden heating searching 
the inside surface, and the sudden cooling searching the outside 
surface. 

Two of the thermal shock tests applied are already familiar 
in the valve industry. The first, called the “A” test, consists of 
plunging a cold valve into boiling water and holding it there for 
ten seconds. In the second, called the “B” test, a tapered metal 
plug is inserted between the valve pins and, with its pins slightly 
forced apart in this way, the cold valve is plunged into boiling 
water and held as before. After being immersed for ten seconds 
the valve is withdrawn and allowed to cool freely to room tem- 
perature with the plug still fitted between the pins. 

The “A” test is a simple detector of internal tensions, whilst 
the ““B” test is more complex, reacting not only to internal 
tensions, but also to such other factors as pin stiffness, and to 
some extent, external tensions. 

A comparison between the frequency of occurrence of various 
kinds of cracks found in the field and those obtained on the “A” 
and ““B” tests showed little correlation. Work has therefore been 
continued to find a test which would give this very important 
information. Thus has evolved the “T” test, whereby the valves 
are slowly raised to the temperature of boiling water and are then 
suddenly plunged into cold water. Such a test gives results 
closely agreeing with field failures. 


(7) MANUFACTURE 
(7.1) General 


The authors have shown how the engineer can design reliability 
into a valve by calculation and by special testing carried out on 
laboratory equipment. However, an average valve has 7 
glass-metal seals and 33 welds with over 800 separate and distinct 
manufacturing steps to convert the raw material into the finished 
product, and the production engineer has the difficult task of 
manufacturing mass production quantities of such complex 
articles with the minimum variation of mechanical, chemical and 
human tolerances associated with the materials and the processes. 

The problems of reliability resolve themselves into greater 
efforts to control the materials, the processes and the operator 
variability. 

Inferior materials may lead to failures in meeting the stringent 
mechanical tests, in which case the whole of the production is 
suspect. Lack of control of processes will lead to extreme 
variations within the manufacture and result in a proportion of 
poor-quality valves, whilst operator variability can produce 
valves which are potential failures for- mechanical faults. 


(7.2) Valve Assembly 


There are two schools of thought regarding the place in which’ 
special-quality valves should be manufactured. One advocates an 
entirely separate location from the commercial types, but much 
may be said in favour of their assembly in the centre of the main 
domestic-valve groups, so that, with strong supervisory control, 
the effect of the lessons learned will have a large psychological 
influence on the whole factory. This point is doubly important 
when it is realized that in the event of an international crisis very 
large numbers of special-quality valves would be demanded. 

The production of quantities of valves which must show 
extreme uniformity of performance throughout a_ severe 
mechanical and electrical test sequence entails a rigid control 
assembly to ensure that manufacturing variations are minimi 
and operator errors are reduced to negligible proportions. 

The establishment of such high quality demands continuity 
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|production over long periods, and the corollary to this is that the 
‘valve type diversity shall be limited as much as possible. Short- 
/term runs will inherently yield poorer reliability. That these 
ideas of quantity production are correct is illustrated by the 
‘shrinkage control chart shown in Fig. 10, in which it will be seen 


|that each time a type has to be reintroduced it starts at a con- 
siderably higher shrinkage than the target. 
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Fig. 10.—Shrinkage graph for 6065 type valve. 
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One of the most insidious of valve faults is intermittent noise 
due to lint which arises from foreign matter caught up in the 
piece-parts. This can come from many sources—e.g. from the 
atmosphere, from operator’s clothing—and as it carbonizes 
during valve processing it forms variable leakage paths between 
electrodes. Special processing of the finished valve can reduce 
lint noise but cannot ensure a permanent cure. Therefore 
precautions must be taken to exclude lint at every stage of 
manufacture. Air conditioning of the factory itself will reduce 
to a minimum the material which can enter from external sources, 
whilst covered benches for the critical operations, together with 
the storage of components in specially designed trays with glass 
covers, give additional safeguards against contamination. All 
operators are provided with nylon overalls to preclude clothing 
fluff getting into the valve structures. 

The actual assembly operation is the most critical one, and 
special thought has been given to assembly-bench design. The 
bench tops used are covered with a smooth shiny plastic material 
and are free from obstructions other than welder heads. The 
bench itself is of enamelled metal having a cover with a glass 
front under which the hands of the operators work. The 
assembly chamber is pressurized so that there is a slow flow of 
air outwards, thus preventing ingress of lint. 

It is important that operator fatigue be studied. The height 
of the bench is chosen to be the same as that of normal home 
furniture, and the operator sits comfortably in a chairina position 
where movement and strain are minimized. Illumination is by 
lighting concealed under the cover to obviate shadows and eye- 
strain. 

The most difficult variable on assembly operations is that of 
resistance welding. A high proportion of potentially faulty 
valves can result from quite a low proportion of faulty welds, 
and to achieve the greatest security from welding troubles a 
completely new welding head with controlled timing equipment 
has been devised.® 

Initially, the assembly of trustworthy valves was carried out 
on a time-work basis with no incentive towards speed. However, 
it was found that this was so alien to the mass-production 
outlook obtaining in valve manufacturing that a change was made 
(Oo Operator teams with the assembly sequence broken down so 
hat the skill required was reduced as much as possible. Frequent 


changing of welder setting was avoided by the provision of 
double welder positions. This approach permitted a quality- 
control system to work on each assembly position, and it has 
proved to be a more stringent control than 100% final inspection. 
It has been possible to introduce an incentive scheme based on 
quality and quantity, and a study of the results has revealed that, 
when an operator is given a simple sequence of jig-aided opera- 
tions, work begins to flow at her natural rate with maximum 
efficiency. 

The evolution of special aids for the semi-automatic assembly 
of the cages has contributed much to reliability. It has been 
possible to assemble a pentode with a cathode-grid clearance of 
0:005in (0-12mm) with a new operator of two weeks’ training 
at a speed greater than the most experienced operator using the 
old methods. The improved quality obtained was so apparent 
that it was possible to mix mounts and then to divide them into 
two distinct groups in the mechanical test routine. 


(7.3) Testing 

The design work on trustworthy valves has been concentrated 
upon the stringent mechanical requirements, and it has been 
shown how special test-machinery has been developed for checking 
under these conditions. With adequate statistical control of 
materials, piece-parts and processes, including valve assembly, 
satisfactory valves can be made at an efficient rate, but the 
achievement of failure rates as low as 2% per 1 000 hours is not 
dependent solely upon structural design and the control of the 
manufacturing unit. Good design and manufacturing controls 
combine to ensure that the manufacturing variations will be 
small and that there will be few random faults or errors, but they 
cannot ensure their complete elimination. It is imperative, 
therefore, that the form of valve testing adopted shall take into 
account both ‘‘manufacturing variations” and “manufacturing 
errors.” The first of these can be dealt with by the well- 
established methods of quality control, but the second group is 
more difficult to check since they are basically a function of the 
efficiency of the whole valve-manufacturing plant itself and are 
independent of the particular valve type that is being tested. 
It is important that this point should be understood before any 
form of final testing is devised, since without this appreciation it 
is possible to evolve a series of unwieldy tests which can make 
large-scale production impracticable. The development of such 
testing procedures has been described by Rowe and Welch. 100 


(8) THE CUSTOMERS’ CONTRIBUTION TO OVERALL 
EQUIPMENT RELIABILITY 
(8.1) General 

The valve manufacturer has faced up squarely to the problems 
involved in making a reliable valve, but it must be appreciated 
that valves have not a high safety-factor and often fail through 
the fault of other components. 

The reliability of an equipment consisting of a number of 
separate components is the product of the individual reliabilities 
of these components. Fig. 11 demonstrates the reliability 
required from the other components as a function of valve 
reliability. ‘ 

Even the normal television receiver has about 500 electrical 
components of which only 20 are valves, and it should be realized 
that, whilst valves have received much attention because of their 
large contribution to failures, a major improvement in these will 
reveal many weaknesses in other components. 


(8.2) Equipment Designer 


The equipment designer can do much to improve the reliability 
of his apparatus by using valves correctly. The rate of failures of 
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Fig. 11.—Comparison of reliability of equipment components. 


specific valves in different equipments can vary by a factor of 10, 
and this can best be minimized by co-operative effort between the 
designers and the valve manufacturers. It is accepted that the 
versatility of the valve itself gives scope for the circuit designer’s 
ingenuity, and that there will always be new methods devised to 
meet new demands. All that the valve manufacturer asks is that 
full advantage shall be taken of his intimate knowledge of the 
idiosyncrasies of valves. Valves are defined by specifications, 
but these can cover only the applications known and visualized 
at the time the valve is introduced. Close collaboration can 
ensure that all valves which meet the test specification will 
perform satisfactorily in service and will enable the valve manu- 
facturer to make adequate checks to cover any usage of special 
characteristics. 

By this means, the best compromise is found whereby the most 
suitable valve is used from the standpoint of published and 
unpublished characteristics and continued availability, and that 
the best-known circuit techniques are utilized to accomplish 
that purpose. 

(8.3) Equipment Manufacturer 

It may not be realized how much reliability can depend on 
matters more mundane than circuit technique and valve charac- 
teristics. The valve is a glass article and should be treated as 
such—glass is severely weakened by the minutest of scratches— 
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and jumbling valves together in a box, for example, will produce 
scratching by the nickel pins. 

Modern valves, such as miniatures, have a complex multiple 
glass-metal seal, and leaks result from strains caused by mechanical 
incompatibility with the valveholders. It is therefore important 


that wiring jigs shall be inserted into all holders before chassis 
wiring takes place, and as the valve pins are easily distorted 

on handling, all valves should be pin-straightened in a proper 4 
pin-straightening jig, and not with pliers, immediately before — 


insertion into holders. 

In circuit testing, the valve should not be tapped harder thanil 
is necessary to check for noise, and the tendency to use a screw- — 
driver for this purpose is unfortunate. 

It may be thought that some of these comments are irrelevant, 
but experience has shown that such practices contribute materially 


to setting up conditions causing delayed fractures which occur 


some time after the installation of the equipment. 


The valve manufacturer’s outlook on the correct usage of | 
valves is summarized in British Standard Code of Practice | ; 


C.P. 1005. 
(8.4) Equipment User 


The actual operator of the equipment should pay special 
attention to any instructions given, particularly since in many 


cases it is possible to devise maintenance techniques to achieve 
When the cost parameters are — 


the optimum service schedule. 
known, these can be derived by probability calculations. 


(9) RESULTS OBTAINED FROM “TRUSTWORTHY” VANS 
(9.1) General 


The work done in connection with reliable valve development — 
and manufacture has been explained. Interest should now be 
focused on the achievements realized to date, and it is proposed ~ 


to examine how far the trustworthy valve has met the demands 
made on it. 
(9.2) Production 


Approved testing routines have been used as a control through- 
out development and manufacture. The design approval 
procedure has consisted in the complete testing of 200 valves of 


each type, and Table 2 shows the results obtained. It will be 


Table 2.—RESULTS FROM APPLICATION OF APPROVED MECHANICAL TESTS ON BATCHES OF 200 VALVES OF EACH TYPE 


Test 


i 


Valve types 


VX.7075 6065 


VX.7083 6064 VX.7076 6058 


Initial resonance search test: 
15-500c/s at 2¢ 2% of the valves showed slight 


low-frequency noise 


Fatigue test: 
30 hours each in 3 positions of 
mounting at:— 
25c/s, +0-04in 
50c/s, +0-Olin 
170c/s, +0-002in 


One cathode-tail 
One valve 


Two rejects. 
disconnected. 
cracked tip-off 


Shock test: 
Total of 20 blows; 5 blows in 
. 4 positions at 500g 


Two rejects. One cathode-tail 
disconnected. One grid 2 to 
grid 3 short-circuit 


4% of the valves showed slight 


No resonance points of low- 
low-frequency noise 


frequency noise 


One reject: getter disconnected No rejects 


One reject: getter disconnected No rejects 


Final resonance search test: = 
15-500c/s at 2g A slight increase of low-frequency 
noise of valves exhibiting noise 
previously 


Summary of results 4 failures: 98% satisfactory 


A very slight increase of low- 


No low-frequency noise 
frequency noise 


2 failures: 99% satisfactory No failures: 100% satisfactory | t 
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jobserved that the experience gained on the early types has been 
applied with success on subsequent developments. 

In production, apart from an initial period when operators and 
‘engineers alike were new to the project, the shrinkage has been 
held at a percentage lower than is usual in the industry. A graph 
shows the progress made with one valve type (see Fig. 12). 


PERCENTAGE SHRINKAGE PER BATCH 


[@) 10000 20 000 30000 40 OOO 50000 


NUMBER OF VALVES MADE 


Fig. 12.—Shrinkage chart for type 6064 valve. 


The improvement in the techniques of manufacture has led to 
a narrowing of the spread of the electrical characteristics, and the 
quality-control charts which are kept for all electrical parameters 
indicate that the variation in each batch of reliable valves is 
smaller than that of the corresponding commercial valves. 

Naturally, this improvement in quality contributes to an 
improved stability on static life test. Histograms have been 
drawn of the change in mutual conductance over a 500 hour life- 
test for types 8D3 and 6064 (see Fig. 13). Again, it can be seen 
that the reliable version has greater stability and maintains its 
characteristic better during life. 


NUMBERS OF VALVES 


fe) "-0°5 15 
CHANGE IN MUTUAL CONDUCTANCE, mA/VOLT 


Si 


Fig. 13.—Histograms comparing mutual conductance change in 
500 hours’ static life test for type 6064 and type 8D3 valves. 


(a) Type 6064. 
(4) Type 8D3. - 


However, the reliable valve gives the equipment designer other 
advantages in addition to a reduction in the spread of charac- 
teristics. Particular attention has been paid to the low-frequency 
noise occasioned by the use of valves, and histograms have been 
prepared showing the reduction of such noise by the use of 
trustworthy valves. Fig. 14 shows histograms of results obtained 
on the 6067 contrasted with those obtained for the 12AU7, its 
commercial equivalent. It will be observed that the whole 
distribution has moved nearer the origin, indicating that the 
improvement is of a fundamental nature. 

Glass testing has ensured that the strain patterns induced in 
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NUMBERS OF VALVES 


70 80 90 100 


40 50 60 
MEAN VOLTAGE, mV 


Fig. 14.—Low-frequency noise distribution for type 12AU7 and 
6067 valves. 


(a) 12AU7. 
(b) 6067. 


both base and bulb are such as would minimize the possibility of 
failure due to a glass defect. Thermal shock testing has resulted 
in less than 1% failures over all batches for a long period of 
time, showing that the process control is adequate and continuous. 

The confidence one may have in the production processes is 
such that the rare failures that do occur serve only to focus 
attention on the normal high quality achieved. 

Throughout the production run, considerable numbers of 
samples have been placed on static life test for the purpose of 
judging valve performance. 

A method widely used both in England and in the United 
States for assessing valve life is based on a 500 hour life-test. 
On the completion of this period the average life of the group of 
valves on test is calculated and expressed as a percentage of the 
500 hours as follows: 


Average life percentage at x hours = 
(Life hours for each valve) <x 100 
x hours x (number of valves started) 


The minimum acceptable life performance as given in American 
specifications is 80% for normal commercial types and 95% for 
the reliable types. 

This conception of life applied to the trustworthy valves under 
discussion in this paper has provided the following figures: 


6065 (CV.131 reliable) 98-30 
6064 (CV.138 reliable) 98-42 
6058 (CV.140 reliable) 99:21 


The figures are taken over the whole production run and 
include the starting-up period in which there were some early life 
failures. Corresponding figures taken after production was 
established show a considerable improvement: 


6065 (CV.131 reliable) .. i HA 9 
6064 (CV.138 reliable) .. a SrA 
6058 (CV.140 reliable) .. ae Js. 10 


(9/3) Field Results 


The results discussed above relate to tests on machines designed 
for factory and laboratory usage and are meaningless unless there 
is close correlation between these and field conditions. It is 
appreciated that with equipment distributed world-wide, often in 
the hands of semi-trained personnel, it is not easy to organize 
adequate information. The problem is made more difficult 
because the substitution of the improved valve removes the cause 
of the complaint and makes it unnecessary for the customer to 
incur the expense involved to assess accurately the improvement. 
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However, the Royal Air Force has organized. field trials on 
equipments and in particular on an airborne y.h.f. receiver in 
which the equipment design is such that valves are subjected to 
very severe vibrations. 

This work has been most valuable, because the results obtained 
in early manufacture permitted the production control levels to 
be set with reasonable correlation with operational practice. 
Other than with the earliest deliveries there have been no zero- 
hour failures. The assessment to date is that in this onerous 
equipment the trustworthy valves are at least 10 times better than 
their commercial equivalents. 


(10) FUTURE TRENDS AND POSSIBILITIES 


(10.1) General 


It has been shown that radio valves can be designed and 
manufactured under mass-production conditions such that they 
will give a very high degree of reliability in service. 

It is important that careful consideration be given to what 
further action can be taken to achieve even higher reliability. 


(10.2) The Valveholder Problem 


Basic reliability is now limited by the inevitable mechanical 
incompatibility between the valve and the present valveholder. 
The reduction in valve sizes and the introduction of the all-glass 
base have accentuated the difficulties, and interference tolerances 
between valve-socket positioning and the base pins in themselves 
cause potentially higher failure percentages than the targets 
achieved by the valves alone. The sensible precautions of using 
pin straighteners and wiring jigs are only palliatives. 

The logical approach is to dispense with the valveholder in its 
present form. Apart from its inherent tendency to cause glass 
faults owing to mechanical strain, the present designs restrict 
the exploitation of the valve characteristics because the sockets 
constitute a source of additional inter-electrode capacitance and 
also impose serious limitations in maximum voltage and altitude 
ratings. One other serious failing is that oxidation between the 
pin and socket surfaces causes considerable variation during life 
and is particularly objectionable on long-life valves. This last 
trouble has led the Post Office and designers of telephone 
repeater equipment to adopt a soldering-in technique using a 
“spider base” welded to the valve pins. It is understandable that 
such a method has overcome this particular problem, but its many 
drawbacks must make it but a temporary measure. 


(10.3) Future of the ‘‘Wired in’’ Valve 


It is the authors’ opinion that the fully ‘“‘wired in” valve with 
flexible leads will ultimately come into universal use in industrial 
and Service equipments, the size of valve being chosen on its 
dissipation requirement. Thus the subminiature (0-40in 
diameter) will be employed for low dissipation needs, the 
miniature (0-75in diameter) and the noval (0-875in diameter) 
being used where better characteristics and higher dissipations 
are needed. The objections to their use at present are mainly 
focused on the problems involved in training personnel in 
soldering them into circuits, and include also the difficulties of 
replacement. However, evidence is available, or is being accumu- 
lated, to show that it is an out-of-date convention to insist on 
the valve being a plug-in component. One source of stich 
information can be the Post Office, with its Medresco hearing aid 
where the lives of soldered-in valves of normal domestic reliability 
have far exceeded the most optimistic estimates. In addition, 
an associated company—over a period of 7 years involving some 
2 million valves—has experienced no difficulty in training people 
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to perform satisfactory soldering-in operations in this hearing-ai 
equipment. 

There are already available various methods of holding “‘wire 
in” valves, but it is the authors’ opinion that, whilst these - 
advances on present techniques, there is scope for more original _ 
approaches to these valves, regarding them as new tools and — 
conceiving circuit techniques specifically designed to utilize to” 
the full their additional technical advantages. Such approaches — 
will also give major improvements in the reduction of the weight 
and bulk of electronic equipment. 

It is in this manner that the valve manufacturer will be able tol 5 
secure maximum valve reliability, and, by close collaboration will 
him, the progressive circuit designer can achieve the desired goal 
of complete freedom from valve failures in equipment. 
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(13) APPENDIX: THEORETICAL CONSIDERATIONS LEADING 
TO AN EXPONENTIAL DECAY-TYPE FAILURE CURVE 


(13.1) Catastrophic Failures 


A theoretical treatment of the survival curve of valves is 
obtainable by the treatment of valve failures in a finite population 
of valves as a stochastic process. If we denote by p(r, t) the 
probability that r valves operate at time ¢, then using only the 
fundamental addition and multiplication laws of probability, and 
writing pdt for the probability that a valve fails in an element of 
time dt, we have the equation 


pr, t + dt) = pr +1, Or + ldt + ptr, nd —rpdt) . Wd 


Eqn. (1) indicates that the probability of r valves operating at 
time ¢ + dt is the probability that r + 1 operated at time 4 
multiplied by the probability of one failure, plus the probability 
that r were operating at time ¢, multiplied by the probability of 
none failing. a 

Rearranging eqn. (1) and letting dt tend to zero, we obtain 


dp(r) 
dt 


Solving eqn. (2) by introducing the probability generatins 
function 


=pl[rt+ipr+)—-mpM]... @ 


at.) =F pOx 


multiplying eqn. (2) by x’, and summing with respect to r we 
obtain 
P) 4 
ae ee 


If eqn. (3) is solved by the usual Lagrange subsidiary equations. 
and the boundary condition that g(o, x) = x” is applied, 


then g = [1 — exp (—pt)(1 — x)] if p is a constant. 


The boundary condition states that n valves operate at zerc 
time. Hence the mean number of valves surviving, 7, is 


i = nexp (—pOale so C 


Chis shows that if the “death tate,” ys, is constant, the expected 
_wmber of failures is given by eqn. (5): 


Number failed = n[1 —exp(—pd] . . . © 


(13.2) Characteristic Decay 

| A consideration of the decay of characteristic may be made 
sulong similar lines. Consider a characteristic R, and let it take 
he value r at time ft. Then, if for the convenience of the subse- 
_Juent analysis we imagine increases and decreases in R quantized 
jvith probabilities radt (the probability of unit increase) and 
“qdt (the probability of unit decrease), and if g(r, #) is the 
robability of R being equal to r at time ¢, we may write 


he. t+dt)=qr —1, Rar —1dt + g(r + 1, t)r 
1 + Indt + q(r, (1 —radt—rndt) . (©) 
hich, when rearranged, and letting dt tend to zero, becomes 


= — Doge —1) —r@+ mq) +0 + Drager +1). M 


ub 


( Dr. J. Thomson: It has been very well demonstrated in the 
‘paper that the problem of obtaining valves of improved quality 
quite a complex one. Unfortunately each factor in the solution 
uences every other factor. It is in the complexity of the 
problem that the chief difficulty lies. If attention is paid only to 
‘one factor, a comparatively simple development is possible, and 
his rather naive approach to the problem has been made from 
time to time. 
The authors have educed by implication what they consider 
to be the controlling factors in obtaining reliable valves. My 
personal view on these is to express the complexity of the problem 
by stating the conditions. Attention must be paid to the materials 
employed and to the accurate control of their quality, to the 
detailed structural engineering of the valve—including, of course, 
e envelope—to the electrical loading in relation to the electrical 
potentialities of the structure, to the processing of the structure 
after assembly, to the ambient conditions in which manufacture 
takes place, and to the mechanization of the manufacture to the 
greatest possible extent. 
I do not propose to give a supplementary lecture upon these, 
but it is perhaps worth while to direct attention to the fact that 
the greatest success will be achieved by the engineer who scores 
e highest aggregate mark in relation to all of them. But 
2 ate control of quality militates against mechanization. 
ood structural engineering becomes more and more difficult 


It is actually possible to take the argument one stage further 
and to add two other factors which are obviously related to it, 


oblem. Mr. Rowe has made the point in introducing the 
aper. First of all, the greatest improvement in valve reliability 
anot be achieved until a production run of the order of one 


ality must be more expensive in early production than ordinary 
valves, subsequent large-scale manufacture will give reducing 
st with increasing reliability. 

The authors have made a very careful study of their para- 
meters over an extended period. The results quoted in the 
paper are of considerable value to all who are working in this 
field or using the product of this work. The analysis of the 
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Letting A(t, x) = Sq(r)x" and multiplying eqn. (7) by x’, and 


summing with respect to r, we obtain 


dH r 
alee — etme tale (8) 
Solving eqn. (8) we obtain, if « and 7 are constants, 
Mean value of Rat time t = Re@-7)* . , (9) 


where R is the value at time ¢ = 0. 

The results of static life-tests, which are regularly performed 
on valves on a sample basis, give an indication that this theory is 
a good first approximation to what actually happens. 

The solution of eqn. (8) for H, and the subsequent expansion 
of H in powers of x will give the function g(r, t)—the probability 
that the parameter will take the value r at time ¢. This will give, 
for an equipment designed to close tolerances, the probability of 
successful operation for a given time, and hence an evaluation 
of the reliability of the apparatus. 
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different categories of reliability which they give in their paper 
is well worth careful study. For despite the intensive and highly 
successful work described, it is still as true as ever that the 
common valve-type suitable for long-life applications and 
simultaneously resistant to shock is not only non-existent but 
does not appear to be needed. 

By this I mean that reliability is not a common factor. A 
valve can be reliable in this, that or some other way, but there 
is no method of combining all of them in one. 

There is one aspect of this subject of which I should like to 
make special mention. Owing to the excellent competition 
between the various home radio- and television-receiver manu- 
facturers, there is a very powerful incentive towards any develop- 
ment which will improve the electrical characteristics of receiving 
valves. But any programme which is designed to improve the 
mechanical reliability of a valve must retard the improvements of 
its electrical qualities. Indeed, it is possible to imagine, in the 
limit, that a degradation in the electrical properties would be 
necessary to achieve the required reliability. It follows, there- 
fore, that shallow thinkers will always claim that valves of 
improved quality have poor characteristics. Their more en- 
lightened brethren will realize that a compromise between elec- 
trical and mechanical characteristics is essential. 

Dr. G. H. Metson: In Section 6.1.3 the authors take a rather 
too complacent view of the interface resistance problem. It 
may or may not be true that American valves are more seriously 
affected than their British counterparts, ‘but the problem is never- 
theless a very real one here. It has been suggested recently 
that, if interface resistance growth is taken out of British valves, 
service time may be doubled—a weighty matter if only 10 million 
valves a year are involved. 

In Section 5.2 the authors state that on mechanical shock the 
anode current of a valve has a general tendency to decrease. 
With shocks of the order of 20g it has been consistently noted 
at Dollis Hill that- the anode current, mutual conductance and 
total emission normally increase. This phenomenon is always 
associated with a low level of total emission and is apparently a 
common feature in indirectly-heated receiving valves. In my 
opinion the phenomenon is important and should receive serious 
attention. Have the authors any comments on this? 

Air Marshal Sir R. Owen Jones: I am a user of valves, a very 
considerable user. As Royal Air Force Controller of Engineer- 
ing and Equipment, one of my great responsibilities is to see that 
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the Service gets every possible piece of reliable equipment it can. 
TJ am very grateful that not only this paper but this large 
audience shows the interest being taken in improving the 
reliability of that component of an aircraft which, to be perfectly 
frank, has in the past been the least reliable. 

It is easy to understand how the reliability of valves can affect 
aircraft and how much more they can affect reliability to-day 
than in years gone by. You areall perfectly aware that a modern 
bomber has valves all over it. You can hardly stumble round 
for valves and the boxes containing them. Moreover, the whole 
safety and efficiency not only of bombers but of other aircraft 
depends on valves. Whilst they are unreliable, we just cannot 
get anywhere effectively. 

A deterrent bomber force is an expensive force, but the value 
of the force is low if it is not reliable. It is particularly low— 
even lower—if the enemy realizes that it is not reliable. The 
fighter has to be reliable. It has not the same deterrent effect 
if the enemy knows that it is not reliable. Again I come back 
to the point that the valve in the past has been an unreliable 
component. 

Now and in the future we are going to use the valve more 
and more. Valves play a very important part in navigation to 
the target. You are all perfectly well aware of this. They play 
an important part in the release of the bomb and the safe return 
of the aircraft. Navigation to target and release of bomb are 
vital in war. Return is extremely important also in peace, lest 
we lose a portion of our force, through not getting aircraft back 
from practice and preparations. I have said this before in this 
hall, and I am not afraid of saying it again. But I am most 
encouraged by the work done on this paper. 

It is extremely valuable, and I do hope it will go on and on 
until reliability is as high as is humanly possible. So much 
depends on it from my point of view, and I refer not only to 
getting the aircraft there and back. When any component is 
not reliable, the reaction comes round to us in many different 
ways. If apparatus becomes unserviceable, it has to be put 
right between flights: The requirement for putting it right is 
skilled men—what we call advanced tradesmen. There are not 
many of them. They are not easy to obtain and train up to the 
tequired standards, and to have on the spot every time the 
trouble occurs. The more reliable we can make the equipment, 
the less we shall have to do in that direction—a most important 
matter from the point of view of the Service and the country. 

I was very intrigued to see from the paper how the tests have 
been done, but there is one further point I should like to 
mention. The Services, being cognisant of this reliability 
question, have been trying to help as best they may. The tests 
and results shown in the paper are most interesting, but we can 
add and have been adding something to them. Laboratory tests 
tell you quite a lot, in fact a very great deal. But we feel actual 
service tests tell you even more but they are difficult tests to 
make. It takes a long time to run up a really good total of 
hours on a component, particularly a valve. It is very difficult 
indeed under our conditions of working to keep the history of 
these valves carefully, so that the data obtained shall be reliable 
and accurate. We have been doing this over the past two or 
three years to the best of our ability. It requires a lot of men 
to do it. It requires quite a deal of interference with the work 
that is going on in the squadrons to keep a history of each little 
valve and make sure that it is accurate—to remove it when it 
fails and determine what caused it to fail, and finally to ,get 
together the information derived therefrom. We have been doing 
that to the utmost of our ability, and we shall continue to do it 
and to collaborate with the Ministry of Supply and the industry 
to our common end. 


I am not going to give details of that. One of my staff is here 
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this evening, and he may be given an opportunity of telling yor 
something about it. 

There is one other point. Early on, a Table was put on t 
screen showing the relative reliabilities of the different com- 
ponents. The second on the list was resistors. I think the 
figure was 8-8%. Perhaps Mr. Collcutt will confirm that we 
rate the failure rates of resistors under service conditions as 
somewhat higher than that in relation to the other components. 
Perhaps I am going a little far. But I can see from the evidence 
in the paper that the valve reliability question is well under way. 
and I do not think it will lose its impetus. Might I suggest that 
we now direct attention to the other coma aS starting via 
resistors? 

Mr. R. H. Collcutt: Two types of the reliable valves mention 
in the paper (namely CV131 and CV138) have been in service with | 
the Royal Air Force, and the Scientific Adviser’s Department of 
the Air Ministry has had samples of a thousand of each from. 
early production and another thousand of each later on. 

They were fitted in the standard v.h.f. transmitter-receiver in 
use in the Service, as were also, at the same time, similar samples” 
of normal-production valves as a datum from which to measure 
any difference in failure rate. The aircraft were not flown 
particularly to test the valves, but the opportunity of normal” 
work was taken to accumulate figures of their behaviour with 
age. The accumulation of age, in running hours, was rather 
slow, and so far it has only been possible to get up to about 
500 hours. 

At installation of the CV131 reliable valve there were 0-37% 
failures compared with 11-6°% with the normal valve. In use, 
it was found that there were some good and some bad positions. 
In the best position with the reliable valve in the first 80 hours of 
life the failure rate was 0:25 per thousand valves per hour of 
running which settled down subsequently to a failure rate of. 
0-1 per thousand valves per hour of running. This comand 
with 1-1 for the first 40 hours and a subsequent rate of 0-2 for 
the normal valves. In the worst positions the reliable valve had 
an initial failure rate in the first 80 hours of 1-7 followed by 1:1, 
and the normal valve had 10-9 for the first 40 hours followed 
by 4:6. 

The ratios between the good and bad positions were, for the 
reliable valve, between 6 and 10, and for the normal production 
valve, between 10 and 20, which compares fairly well with the 
figure given in Section 8.2. 

With the reliable CV138 there were no installation failures, 
whereas there were 5:5 % with the normal-production valve. In 
service, with the reliable valve the failure rate was 0:2 per 
thousand valves per hour of running in all positions, whereas 
with the normal valves there were good and bad positions: the 
good positions had a steady rate of about 0-8, and the bad 
positions started off with a rate of 2-6 for the first 40 hours, 
which dropped to a rate of 0:9. The latter rate then began to 
increase again at about 0-2 per thousand valves per hour. 
This was the only B7G valve for which figures are available as 
evidence in the first 500 hours of an actual increase in failure 
rate with life. This was not exhibited by the reliable valve. _ 

In assessing the number of failures, particular care was taken 
to count only those valves whose replacement in service mad 
an unserviceable set serviceable. Nevertheless, when these failed 
valves were put on a full specification test—both normal anc 
reliable types—it was found that 30% were within the specifica- 
tion limits. It seems that the point has now been reached where 
in a modern radar set, the total failures to be expected from 
valves compares with the total failures to be expected from 
resistors. Thus, although still further improvements in valve 
reliability are required, I think the point may now have beea 
reached when, in the Service anyway, one can say that in air 
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yorne sets valves are no longer going to be the major source of 
rouble. 

Mr. F. M. Walker: The authors describe the work that was 
varried out in the laboratory on heaters, both helical and coiled. 
m America, manufacturers appear still to be using the faggot 
ieater, which I believe was at one time used largely by the 
organization with which the authors are associated. Could 
hey explain why they no longer use this type of heater? 

Comments have been made about cathodes and interface 
xrowth. It seems to me that there must still be a strong lack of 
soncordance in experience. The authors say they find fairly 
vonsiderable interface growth with ordinary ‘“‘O” nickel. As 
me concerned with valve manufacture I find this distinctly at 
variance with my own experience, which is that with ordinary 
“O” nickel interface growth is almost inappreciable under 
5000 hours. It seems to me that there must be variations in 
valve processing which make this large difference possible. 

I endorse the authors’ opinion that we require some new 
material for the insulators inside a valve. I do not think that 
synthetic mica would remove the fundamental difficulties that 
we have at the moment, since it would still be somewhat fragile 
and would still laminate, etc. We should perhaps experience 
improvements in uniformity and gassiness, but this is not 
sufficient. 

Ceramics have been proposed, but their lack of elastic 
properties and their somewhat variable dimensional shrinkage 
dJuring firing make them unattractive. 

On stability of valve characteristics, the authors distinguish 
between long- and short-time stability. I notice that no mention 
is made of that stabilizing period of 48 hours which is currently 
in use in America and also in this country. I think the authors 
were in favour of this method of stabilizing valves some years 
ago. Could they comment on that point? 

No mention is made of rejects, after fatigue tests, due to 
impaired insulation between electrodes. In my experience, the 
rejects that we should have expected three years ago after fatigue 
tests are not the ones we experience to-day. Generally speaking, 
one finds no disconnections, no internal short-circuits and no 
slass cracks. Instead, one experiences an occasional insulation 
or microphonic-noise reject. Perhaps the authors would com- 
ment on this. 

CV specifications for special-quality valves set a standard of 
reliability which is probably adequate for most military uses. 
[ think most valve manufacturers would agree that valves can 
now be made to meet these specifications—not easily, but with 
increasing efficiency. This may serve to indicate the degree of 
reliability of special-quality valves at the present time. 

Mr. R. Brewer: My experience with special-service CV138 and 
CV140 valves has given percentage life figures comparable to 
those given by the authors. In 1 500 special-service CV138’s, 
we had 98-4% life and in 600 CV140’s we had 99-4% life. The 
authors’ figure for the latter valve is 100°%, but the sample size is 
not given in the paper. This must haye been too small to 
indicate the true quality of the valve.. 

I do not think that percentage life is a satisfactory way of 
indicating the reliability of this class of valve: 99% life sounds 
30 good that we are tempted to overlook the fact that, in the 
1 500 special-service CV138’s to which I have referred, an equip- 
ment using 1 000 such valves might expect to fail once in every 
50-100 hours. It is probably better to use the percentage failures 
or survivors at stated hours rather than percentage life, for the 
kind of applications which have been considered in the paper. 
Percentage life is more suitable for trunk communication systems, 
where long life and valve replacement rates in terms of thousands 
or tens of thousands of hours determine the economics of the 
system. 


359 


Evidence from the examination of life-test failures points to a 
confirmation that the survival curve is probably exponential in 
form for the first few thousand hours of life. Ata later time, a 
much higher failure rate sets in with the commencement of some 
major characteristic change. The exponential failure curve 
means that the rate is constant and is not higher in the early 
part of life, as often stated. 

The authors remark that under-loading is a useful procedure 
for extending valve life. This may be true in some instances, 
but where ultimate failure is due to the growth of cathode core 
interface-resistance, reduction in the anode current may worsen 
rather than improve life. 

J agree with the authors on the necessity of having good correla- 
tion among valve manufacturers in their testing equipment, and 
some consideration might be given to the idea of the interchange 
of valve samples between manufacturers. This has long been 
the practice in the electric-lamp industry, where it is regarded as 
an important element in ensuring that lamp makers always 
speak the same language. As the testing of valves becomes 
more complex, so does the need for improving the reliability and 
consistency of the testing equipment. 

Mr. M. B. Williams: My remarks relate to the maintenance of 
trunk communication systems and should therefore be confined 
to valves in Class 1, i.e. “repeater” valves—rather a nostalgic 
term nowadays since most of the wideband systems now in 
service use valves originally designed for radio and television 
work. It appears from the paper that some useful improvement 
in service from these valve types could be expected from the use 
of “special quality’ methods of manufacture, pending the 
arrival of long-life repeater valves with modern performance. 

The emphasis in the paper on statistical quality control is 
welcomed since it assists in the planning of a valve replacement 
programme, but, to be of full value, it requires long-term con- 
sistency in the statistics. 

Reference has been made to the valve as contributing largely to 
failure of equipment. We can consider two kinds of failure, at 
least in the case of trunk systems. Catastrophic failure of a 
valve will interrupt the circuit until the unit is replaced. Change 
in valve characteristics will cause the performance of the unit to 
go beyond the performance limits but may not at that stage 
degrade service. Recent analysis on a wideband link showed that 
complete failure was caused more often by resistors and capacitors 
than by valves. However, the maintenance effort expended in 
locating and clearing performance faults due to valve ageing is 
very large. To reduce maintenance costs, great stability of 
characteristics over a long life is the desirable aim. 

The authors have stated that on logical grounds the valve- 
holder is unnecessary. From practical experience we know the 
valve-holder to be a serious cause of service faults, and because 
it is difficult to control its manufacture it is better eliminated. 

At the present time we are having to replace all valve-holders 
of a certain type on a coaxial-cable route. The original pattern 
has given good service, but slight modification resulted in one 
production run having a very indefinite attachment of the valve- 
holder to its mounting plate. Consequently, whenever a valve 
is removed, more often than not the valve-holder is pulled 
through the panel, bringing with it all the associated wires and 
components. 

It is with such experiences in mind that I fully support the 
authors in recommending wired-in valves. 

Mr. R. E. B. Wyke: The authors have shown clearly how 
reliable some of the new special-quality valves can be when used 
under proper conditions. As they also have pointed out, it is 
unfortunate that only too often they are not used properly. 

In a rising and rapidly expanding industry such as ours, we 
have hundreds of very keen young men entering it every year, 
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full of bright ideas, but, to my mind, often lacking in basic 
engineering knowledge, and it is from this that the bulk of our 
troubles come. The educational establishments could help us 
a great deal by encouraging, possibly during vocational courses, 
the spending of a little time in the valve manufacturing firms, 
where students could learn more of correct valve usage. They 
might even set an odd examination question on that admirable 
document, the B.S. Code of Practice for valve use, to which— 
incidentaily—a section on special-quality valves will be added. 

I was glad to see the authors’ reference in Fig. 8 to the resonance 
of individual sub-components of a valve above 1 ke/s. It is not 
realized enough by the designers of shock mountings that these 
resonances can occur. Although the valve designer may shift 
them, he cannot eliminate them entirely. It is often said that 
equipment will have no resonances above lkc/s, but we still get 
them and find people testing valves for them. I do wish some- 
thing could be done about this. 

With regard to the future, I too agree emphatically with the 
authors that we shall not get real valve reliability until we get the 
wired-in valve. J also wonder whether we should not exploit a 
little more the multi-element valve. It has been shown that the 
double triode can be extremely reliable. Now that we are 
particularly concerned with glass failures and bad handling 
failures, we might use more multi-element valves and so have 
fewer pips to be knocked off and less scratchings of the bulb. 
There is an indication that new requirements for commercial 
and colour television will mean more multi-element valves in use, 
and this is a point we might follow up. 

The authors say that there are two schools of thought on the 
siting of assembly units for special-quality valves, but they do not 
say which particular type they like, although I believe Mr. Rowe 
was quite emphatic about this in a previous paper. These two 
schools of thought are, first, that the valve assembly should be 
put right in the middle of the factory, so that, by example, that 
would make all the other people assemble valves of equal 
quality, and secondly, that they should be segregated. I preferthe 
latter course. 

As to the introduction of incentive bonus schemes in special- 
quality valve units, I should like to ask the authors whether that 
was done with technical blessing or whether it was brought about 
by other factors. 

_ It is hinted in the paper that the cost-cutting spirit is entering 
into the reliable-valve business. I do know that there is some 
truth in this. Makers of reliable valves have been annoyed to 
find, after they have done a Jot of work, that their customers are 
asking them to come in on a very highly competitive tendering 
business. I deplore this, and I should be glad if the authors 
would state their views on the matter. ; 

Mr. H. R. Reid: The paper puts emphasis on valves giving 
normal lengths of life under moderate conditions of vibration and 
shock but unfortunately deals with only one group of valves 
within this class. Centrimetric types such as magnetrons and 
klystrons, -etc., are not included, and because of the special 
difficulties involved, they no doubt deserve separate treatment 
on some future occasion. Their reliability in Service equipment, 
however, is just as important as with the class of valves covered 
in the paper. 

The authors make a strong point of the necessity to produce 
large numbers of valves. From Figs. 10 and 12 and Table 2 of 
the paper, the production process appears to be in control only 
after some 10 000 to 15 000 valves have been produced. From 
my knowledge of batches of valves produced for the Services and 
from the Table showing the results of the mechanical tests on 
200 valves, I feel sure that controlled conditions can be reached 
at a much earlier stage of production. Perhaps the authors 
would comment on this aspect. 
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In Section 6.1.1, I think something should have been sai 
about the means of controlling the welding process, since satis= 
factory welding is so obviously a necessity in reliable valves. T 
believe that in the United States improved welding is — 
not only by electronic timing, but by feeding hydrogen through 
a tube round the welding head and on to the site of the weld. 
Can the authors say whether similar techniques have been tried 
in this country? & 

It is interesting to note the authors’ view that, to ensure valv ; 
operating satisfactorily under conditions of vibration at 2g, tests” 
should be carried out at 12g. ‘i 

The “A” and “B” thermal shock tests have always been 
viewed with some suspicion, although a specification requirement, 
and it would be interesting to know more of the basis on which 
the authors claim that their ‘‘T”’ test is more in keeping with the 
difficulties experienced in the field. 

Figs. 13 and 14 demonstrate clearly how a normal valve pro- 
duction can have a significant percentage outside tolerable limits. 
Regarding the mutual conductance figure on even reliable valves, 
if the model area is close to the inspection rejection limit, the 
bulk of the valves could quite quickly fall outside operating 
tolerances in service. This leads me to a point which cannot be 
too often repeated—that reliability has to be built into the produc 
and cannot be inspected into it. 

I join with Mr. Walker in drawing attention to the omission of 
any reference to ageing tests. In America, the big producers age 
valves for some 40-50 hours for stabilizing the valves and reject- 
ing early life failures. I know that the authors have definite 
feelings on this matter. Would they please comment? 

As a member of one of the Service supply departments, I 
should like to draw attention to their contribution to reliability. 
It was realized quite early in the reliability programme that an 
agreed specification between all Service departments and the 
industry would be long delayed. Contracts were therefore 
placed with the industry to normal valve specifications but 
calling for embodiment, into the valves, of the lessons learned by 
each individual firm from their reliability research and develop- 
ment. Thus the Services have had delivered to them much more 
robust and improved types over the past two years. These 
valves have generally been referred to as “improved.” 

Capt. G. C. F. Whitaker: I should like briefly to state my own 
experience with regard to the introduction of wired-in valves into 
Service equipment. : 

The whole literature of the subject and the activities of such 
people as the authors all point to the fact that they will lead to a 
natural increase in reliability which is what, of course, we are 
aiming at. 

In A.S.R.E., while we are obviously actively considering their 
use, it is probably true to say that at the present time it is in a 
somewhat tentative way. There seems to be a certain hesitancy 
to accept the recommendation of the valve manufacturers. In a 
recent instance, a project arose likely to be used extensively in 
the Service, with some outside commercial applications. A con- 
tractor inquired whether the use of wired-in valves would be 
acceptable. It seemed to be an admirable moment to introdui 
these valves extensively in a job which was likely to see bo 
Service and civilian application, and in short to subject the idea 
to a full-scale practical field test. This proposition was quit 
acceptable to higher authority. 

When, however, it came to the Design Group—a body of 
gentlemen remarkably like yourselves—it was found that the 
were very much against doing anything of the sort. The objec- 
tions were not so much on any philosophical or logical groun 
but rather that they feared that considerable trouble might resu 
in practice. 4 

The difficulty, I think, is that people are not yet sure whethe 


the very great inconvenience of dealing with these valves if, in 
fact, they prove to be not as reliable as is hoped, does not swamp 
the admitted advantages of the elimination of the valve-holder. 
My own reaction is favourable. 

On the Naval Air side, the Ministry of Supply have introduced 
wired-in valves in a number of equipments. It would be true to 
jay that Naval maintenance staffs are at present somewhat 
yerturbed at the prospect. 

An earlier speaker said that he would, if he had his way, stop 
ul maintenance staffs from pulling valves out of their sockets. 

can only say that he cannot have faced the problem of dealing 
apidly with a piece of equipment which has failed but must be 
estored quickly. 

It is unfortunately true that a high proportion of equipment 
rouble is due to valve or socket failure and that a quick change 
f valves, while failing to diagnose the trouble, does frequently 
lear the fault. 

To sum up, there appears, in my experience, to be as yet a 
ertain lack of unanimity amongst engineers on the overall 
dvantages of the wired-in technique, and a corresponding 
iesitancy to use it. 

Mr. D. C. Birkinshaw: I have formed the impression that the 

all valves used in B.B.C. television cameras and associated 
quipment are giving very unsatisfactory lives. J have not been 
ble to gather from the paper what sort of average life should 
expected from small and miniature valves such as we use, but 
have always understood that a minimum life of 5 000 hours is 

be expected. This in itself does not seem to me to be very 
ng, but I am finding that, at Lime Grove, for example, the 
alves in various groups of equipment are giving average lives 
of only 4.000, 3 000 and even 2 000 hours. 
These lives surely must be unreasonably low, and I am anxious 
o find the cause. Is it that the valves are overloaded by the 
‘ircuit designers? Is it that valves are given unrealistic ratings 
yy their manufacturers? As a further possibility have the 
tandards of valve manufacture been allowed to fall too low? 
_ Whatever may be the cause of this, the fact is that the money 
nt on valve replacements in the B.B.C. Television Service is, 
my view, far too high, and it is money which would be much 
yetter spent on creative programme material. 

I should like to ask the authors whether they approve of these 
alve lives, and, if not, whether they can throw any light on the 
uses of such low figures. 
sir would it be reasonable to ask manufacturers and/or 


esigners to try to work to a first target in which it would be 
usual for a valve to fail at under 10 000 hours? 
Mr. P. Lewis: Until we all agree that we can wire-in all valves 
d forget about them, perhaps we may put in a plea for a 
liable valve-holder. A holder with multiple spring contacts 
ould give much more reliable service and tend to carry away 
ore of the heat developed. 
Unfortunately the heat in some miniature valves is extremely 
eat. Is it really necessary to make the bulbs of modern power 
ves so small that the working temperature given by the makers 
over 200°C? I cannot imagine any valve-holder spring 
maining resilient when subjected to high temperatures. 
Another point in connection with excessive heat must be the 
ifficulty of maintaining a high vacuum. Also, is there not the 
ssibility of the electrodes distorting and causing changes 
capacitance? This would be very inconvenient in u.h.f. 
ork since it would upset designs for automatic frequency 
bilization. 
| Glass cracking at the pins is generally blamed on failure to 
wiring jigs, but has been known to occur with batches of 
Ives even if jigs were employed. 
Is there perhaps some connection between rate of interface 
Vo. 102, PART B. 
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growth and atmospheric pollution (notably SO,) affecting cathode 
materials before assembly ? 

It has been suggested that it might be better to run valves at 
low anode voltages to improve useful life. Our designer has 
used several miniature types as electrometer valves and has 
noticed changes of characteristics in practice when used in this 
application and as d.c. amplifiers, although there can be no 
question of over-running. 

He has also noticed changes of characteristics which appear to 
indicate that supporting the micas against the glass bulb without 
having the electrode structure sufficiently rigid within itself can 
cause shifts in the system when only slight pressure is applied to 
the glass. The spring of the valve retainer has been known to 
cause this effect. 

There has been quite a lot of trouble with heater-cathode 
insulation in diodes used in noise-limiter circuits, and especially 
often in cathode-ray tubes. Industrial television is becoming 
more and more useful in observing dangerous processes in 
factories, and reliability of heater-cathode insulation is a point 
one would wish to see improved. 

A most elaborate test set has been devised for checking micro- 
phonic and mechanical noise. I have not yet come across the 
Taft—Pierce fly-weight high-impact shock machine, but it should 
be simple for valve manufacturers to issue a specification 
enabling even smaller firms to test valves for noise under 
identical conditions. A pocket edition of the test set shown in 
Fig. 14 of Reference 65 is required, made to be slipped over the 
valve in situ and haying a pendulum suspended at a certain 
height, containing a defined mass, rubber-coated to a certain 
thickness. Defliecting it to a certain angle and letting it fall will 
give a standard shock to the valve: a great improvement over the 
old screwdriver-test so rightly deprecated by the authors. Per- 
haps manufacturers could get together and issue a specification 
for a small device like that which any firm can make and use 
without having to invest in a vibration machine and a 100-watt 
amplifier. 

Mr. G. I. Hitchcox: The authors, and the speakers in the 
discussion, have emphasized that, with special-quality valves, 
wired-in or baseless connection is both practical and desirable. 
Here it may be difficult to convince the industrial customer, often 
still suspicious of electronic equipment and often (e.g. in the 
very important chemical industry) without the facilities or 
service staff to carry out a fairly difficult emergency soldering 
operation. 

There is a good case for retaining the octal base for industrial 
valves, perhaps with a robust metal outer envelope, an important 
psychological point when selling reliability. The current glass 
bases at their best have poor connection characteristics, are 
easily damaged, are not self-locating, provide insufficient mech- 
anical retention, and encourage a construction which makes 
adequate envelope ventilation difficult. Furthermore, they look 
fragile and unreliable and thereby prolong distrust. 

Mr. F. W. Irons: Although I speak as a valve-holder manu- 
facturer, I strongly support the authors’ suggestion for wired-in 
valves, because this would relieve me of the responsibility of 
providing valve-holders which both clean the valve pins and 
make contact with them. Much work is being done on the 
design and development of special holders for wired-in valves, 
with particular attention to the dissipation of the heat produced 
in the valve so that it does not “‘gas up.” 

I would mention that there are specifications for valve-holders 
just as there are specifications for valves. Such specifications 
are produced jointly by the Services and the Post Office and also 
by the British Standards Institution. The authors have demon- 
strated that if we pay a little more for valves we can have better 
ones. The same applies to valve-holders. 
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Mr. L. R. Mullin: I should like to speak from the point of 
view of the equipment designer. 

In Class (ii) the authors speak of moderate conditions of 
vibration and shock to give a normal life for civil aviation. What 
do they consider a normal life, bearing in mind that aircraft fly for 
as much as 4000 hours in one year? We need a very long life, 
and with equipments of varying utilization in one aeroplane, it is 
difficult to keep accurate records of how long any one of them 
has been used. Ultimately, the only way, having reduced initial 
or early failures, is to produce valves with a very long life in 
order to get trouble-free operation in a civil airline. 

Several people have spoken about what designers do to the 
valves. I would suggest that it would be much easier for the 
designer if the individual manufacturer was more honest in the 
way he rated his valves. The 6AQS is rated at 12 watts. Valve 
manufacturers specify a maximum of 230—250°C bulb tempera- 
ture. They do not tell you that if it is run at 12 watts at normal 
room temperature it will rise to 250° C. 

It is generally assumed that valves in the preferred list are 
suitable for running in an aircraft, and the heaters can be run in 
series at 19 or 28 volts, as the case may be. One very important 
point is often overlooked. The thermal capacities of the heaters 
must be very much alike if they are to be run in series. CV140 
is an example. If it is used in series with other valves and it 
happens to be a single chain, the heater will almost certainly 
blow after a very few switching cycles. 

Another effect which is not quite so obvious is the effect of 
a small over-voltage surge on high-mutual-conductance valves 
and subminiature diodes. The surge frequently causes active 
material from the cathode to be deposited on the grid, with 
consequent grid emission troubles. In the subminiature diode a 
low back-resistance results. 

We all hope the improved valves will give longer service, and 
as designers we shall endeavour to use them in the right manner. 
But I would suggest that, for civil aviation, the wrong types are 
being standardized, and the few that are correct are given the 
wrong labels. In civil aviation, equipment can be sold only if 
it uses the so-called ARINC range of valves; this applies not only 
in the United States but also in Europe and Australia. We are 
having to import valves at the moment in order to export equip- 
ments, and it is hard enough to sell equipments without having 
to explain that a QD77, CV4007, or any other of the many 
equivalent British types, is really a 5726. So for civil aviation, 
will valve makers making valves to the same specification please 
give them the same internationally known label? 

Mr. R. E. Clark (communicated): About a year ago I was 
privileged to discuss the whole problem of reliability of electronic 
equipment in the United States with many of the leading people 
in the Services and in industry, including ARINC. I feel sure 
we are not behind the Americans in valve development and 
reliability: but I rather think we are behind in production of 
reliable resistors. This view is based partly on a very thorough 
examination of some United States wire-wound resistors, first 
by X-ray and then by dissection, followed by a most careful 
analysis of all the materials involved. This work was undertaken 
in the Admiralty Materials Laboratory. 

On the subject of co-operation, I was most impressed by the 
enthusiasm of the Advisory Group on Reliability of Electronic 
Equipment (with the happy short title of AGREE) sponsored at 
the highest level by the United States Department of Defence. 
Parallel with this Service Group, the Radio, Electronic’ and 
Television Manufacturers Association has formed its own 
enthusiastic committee on reliability in Service equipment. 
These two bodies, co-ordinating inside the Services and industry 
respectively, collaborate closely in all problems involved in 
providing the user with reliable equipment. 
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In this country the machinery exists, and on the whole works 
well, for co-operation between the Services and industry through 
C.V.D. in the case of valves, and through R.C.R.D.C. 
R.C.S.C. in the case of other components; but it is my experie: 
that no such machinery exists inside or outside the Services for 
co-operation towards producing a common philosophy for design 
and maintenance of complete equipment. It is my conviction 
that this is needed and can bring about a great simplification of 
the whole problem. It appears to me to be a necessary step 
which must be taken if full benefit is to be obtained from the 
work of the authors and others on the components of an 
equipment. \ f 

Mr. C. E. Clinch (communicated): In the field it is necessary 
to define the end of a valve’s life as the time when the valve will 
no longer satisfactorily operate the panel into which it has been 
connected. This definition is not ideal from some aspects of 
investigations into longer-life valves, but since the field staff’s 
prime function is to keep the service going, it is not possible to 
keep a valve in service just because its performance is satisfactory 
on a valve tester if changing the valve enables service to 
restored. 

It has been stated that 30% of the valves rejected in a 
trial were satisfactory on re-test although rejected by the no 
maintenance staff. A similar result was obtained by the Post 
Office in a field trial about 7 years ago, but special analysis of 
these failures gave the following information: 

(a) Many valves classified as satisfactory on re-test were 
rejected by the field staff for noise or microphony, an aspect not 
checked on the re-test. 

(b) Some valves were correct at specification voltages but found 
tobe outside limits at the lower voltages actually used in th 
equipment. 

(c) Some faults reappeared only after long warming-uf 
periods, and these were not found on the first re-test. 

(d) Some faults were never proved but may have been cleare 
by the action of cooling down the valve when it was removed 
from service. 

It is not right to blame the field staff for being too ready 
change valves unless all these aspects have been checked. 

Also, it has been stated that CV specifications form the man 
facturer’s contract for the supply of the valves to an agreed 
standard, and they form the limits for the design and maintenance 
engineer. It is, of course, fundamentally wrong that the desig 
and maintenance engineer should work to the same limits as the 
manufacturer, although this has been done. If, for maintenance 
use is made of the manufacturer’s specification, some valves wi 
be outside limits in a few hours. 

It will be interesting to see actual survival curves for valves 0} 
improved quality. The plots of existing-type valves do not quite 
conform to the exponential decay curves given by the authors 
and in earlier papers,* especially over the first few hundreds of 
hours. Unfortunately this is the period during which mos 
manufacturers test their valves. It is hoped that the agreement 
will be sufficiently close with improved-quality valves to make il 
possible for the formula derived by Campbell} for electric-lamyj 
replacements to be used as a guide to the economics of val 
replacements. 

Much work has been done on the small receiver-type valves 
and there has been a suggestion that resistors and capacitor 
should be the next to be investigated to achieve greater reliability 
but the work on valves is not complete; much work is sti 
required on the more expensive valves for u.h.f. operatio! 
including the travelling-wave amplifier. 


\ 


* E.g.: Lewis, N. W.: “Notes on Exponential Distribution in Statistics,” P 
Office Electrical Engineers’ Journal, 41, Part 1. 
+ CAMPBELL: Journal of the Royal Statistical Society, 1941, 7, No. 2. 


Messrs. E. G. Rowe, P. Welch and W. W. Wright (in reply): 
‘Dur particular thanks are due to Air Marshal Jones for his kind 
somments and to his organization for providing so much valu- 
ible field correlation information. The figures quoted by Mr. 
Solleutt demonstrate the big advances that have been achieved. 
't is our hope that adequate action will be taken now with other 
vomponents to ensure that maximum equipment reliability is 
ecured. 

Mr. Walker and Mr. Reid both ask about our views on 
8-hour stabilizing periods. We consider that stabilization is 
etter achieved by more careful attention to manufacturing 
yrocesses, controlled by emission checking before and after a 
'-hour life run. 

We agree with Mr. Brewer’s remarks regarding better methods 
bf expressing life figures, but those quoted were in definite 
‘elationship to published figures in the United States. We 
ould also welcome closer co-operation on standardization of 
‘est equipment. 

_/ Many speakers supported the wiring-in of valves, pointing out 
lhe shortcomings of present valveholders. At the same time 
they have stressed the nervousness of the user to be committed 
o such techniques because of possible maintenance troubles. 
t is a case of a dog having a bad name, but surely there has been 
mple evidence from the user in these discussions to dispel such 
ears. Future effort on improved reliability depends on the 
ieceptance on wiring-in as a policy. Notice should be taken of 
omments from Messrs. Reid and Clinch on special types—such 
centrimetric and small transmitting types. The reliability of 
quipment depends on the individual reliability of all compo- 
tents, and much work should be done on these types which can 
rovide many difficult problems. 

_ Mr. Wyke’s point regarding customer pressure for reduced 
wrices for reliable valves is well made. It is vital that the 
justomer should pay attention to the risks at stake, particularly 
1 Service equipment and passenger transport, where safety and 
ives are of paramount importance. Further improvements in 
eliability will be increasingly expensive, and in many cases they 
ill be achieved by refinements of design and improvements 
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THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


introduced on the production line; and we admire the American 
approach whereby the prices paid permit the manufacturer 
steadily to improve his product beyond the target set by existing 
specifications. 

With reference to Mr. Reid’s comment on our emphasis on 
quantity manufacture, reliability stems from a satisfactory valve 
design made under satisfactory manufacturing conditions. Even 
small quantities of a satisfactory design can have good reliability, 
but it is all a matter of the standard of reliability demanded. 
His comment on welding is also very important, and there is 
extensive work proceeding to get this process under highly 
controlled conditions. The evolution of the ““T’’ test for glass 
testing has been from large-scale analysis of field returns whose 
failure pattern could not be simulated by “A” or “‘B”’ testing. 

Mr. Mullins asks about life expectancy. The Service demand 
was centred on a 1 000-hour period, but it is fortunate that all 
the evidence on the work done to date shows that much longer 
lives will be normal. The rating of valves under widely varying 
ambient conditions is being given more attention, and it is hoped 
to publish more information on this in the near future. 

Our answer to Mr. Birkinshaw’s complaint about small valves 
giving short lives in his equipment is simply that there is ample 
evidence that the same valves are satisfactory in a multitude of 
other equipments. By implication this leads us to the impor- 
tance of close liaison between circuit designers and valve manu- 
facturers’ application departments. We have proved repeatedly 
that we have been able to achieve the results desired without 
subjecting valves to overload, and it is surprising to us that with 
the reputation of the reliability of their equipment at stake, 
designers do not make more use of the services available. 

The life target proposed is not an unreasonable one and is 
certainly not beyond the capabilities of mass-produced valves. 

Mr. Clark’s communicated comments show that moves are in 
hand in the United States to achieve close co-operation between 
all sections concerned in electronic equipment. It is vital that 
similar action should take place in this country. . One method of 
prompting this might be for The Institution to sponsor a con- 
vention to embrace all aspects of equipment reliability. 
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SUMMARY 


There are an increasing number of problems involving the detection 
or measurement of signals which properly comprise noise, but possess 
certain features distinguishing them physically from homogeneous 
random noise. The paper deals with the measurement of mean fre- 
quency for such a signal whose energy/frequency distribution approxi- 
mates to a symmetrical Gaussian distribution. The generation of 


synthetic signal sources for controlled experiments and the design of | 


optimum measuring equipment are described and illustrated by 
experimental results using a magnetic-amplifier servo loop for auto- 
matic measurement. The effect of the signal deviating from its 
assumed characteristics is also discussed, and it is shown that the 
measuring equipment described can tolerate a certain amount of 
signal asymmetry without undue loss of accuracy. 


LIST OF SYMBOLS 
W, = Energy in signal. 
dW,(f) = Signal energy (a function of frequency) in band- 
width df. 
W,, = Energy in noise. 
dW,(f) = Noise energy (a function of frequency) in bandwidth df. 
f = Frequency. 
So = Mean frequency of spectrum. 
K = Constant of proportionality in signal-energy equation. 
a = b/fy = Gaussian exponential coefficient. 
b = Constant. 
B = Constant of proportionality in noise equation, or a 
function of frequency. 
Jin = Frequency of symmetry of a pair of sampling filters. 
6 = Frequency error (f,,, — fo). 
4/V2 = R.M.S. deviation of the rectified output of one filter 
from the mean rectified potential. 
V’ = Mean rectified potential. 
CR = Time-constant of rectifier. 
J, = Width of filter pass band. 
W, = Energy output from filter 1. 
W, = Energy output from filter 2. 
V, = Rectified voltage output from filter 1. 
V2 = Rectified voltage output from filter 2. 
Sy = Bandwidth of noise. 
Jf; = Controlled oscillator frequency. 
c = Constant in noise distribution equation, B = c/f. 


(1) INTRODUCTION 

Most problems involving a.c. signals are clear cut as regards 
the nature of the signals and the unwanted background which is 
called “noise.” The signals generally take the form of one or 
more sine waves, or. at least can approximate closely enough to 
such waves for their band spread to be ignored both in inter- 
pretation and in accuracy. A different class of problem occurs 
when it is desired to make use of a signal which is compbsed 
neither of sine waves nor of random (white) noise, but has some 
of the characteristics of each.! Such problems arise when it is 
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desired to measure small increases in noise level, in particula 
spatial directions or over certain regions of the spectrum,” 3 
where it is required to extract particular components from noi 
spectra.4 
The paper is concerned with the related problem of measurin 
the mean frequency of an energy/frequency distribution which 1 
too wide to be investigated by such techniques as axis-crossin 
counters or synchronous motors, and which may be accompanie: 
by a substantial level of wide-band noise. Theoretical and 
experimental work has been done, particularly on the measure- 
ment of a Gaussian distribution of energy accompanied by level 
white noise, and the technique described is believed to represent 
an optimum for the type of measurement required, even when 
the spectrum deviates from a Gaussian distribution. } 
The paper deals with the engineering approach to providi 
a system which can continuously monitor the mean frequency 
of a spectrum whose width is of the order of one-fifth of the 
mean frequency, in the presence of noise. It bears little relation- 
ship to the possible laboratory problem of investigating a given 
distribution for which there is a multiplicity of standard equip 
ment. 


(2) THE PROBLEM 


Experimental and theoretical work relates particularly to a 
energy/frequency distribution defined by a symmetrical Gaussian 
equation as follows: 


dWAf) = Kexp[— Of) F-fy la. . - @ 


where b = 10; giving a width between (2:71828 . . .)~! levels of 
0:2fo. 
This is assumed to be accompanied by noise as follows: 


dW, f) =Bdi ea ss 


The case where B is constant has been principally considere 
and is the only case investigated experimentally. The 
B & 1/f is considered theoretically. 

Actual values for fo, the mean frequency, range from 1 to 7ke/s 
and the noise lies between 100c/s and 8kc/s, eqn. (2) being 
invalid outside this range. This large range of 7:1 for the 
Gaussian spectrum is the significant factor in determining the 
parameters of the measuring apparatus. The experimental work 
described employed synthetic sources for these signals, and they 
are discussed as being complementary to the special equipment 
developed. 


(3) THEORETICAL APPROACH 


It is convenient to appreciate the problem first from 
assumption that the energy in any element of bandwidth may b 
selected and used as a contribution to a direct potential, an 
that the energy in a chosen bandwidth may be compared in this 
way with that in another. The assumption of symmetry lead! 
naturally to the idea of comparing signal level at equal deviation 
on either side of a chosen “‘trial value” for the mean frequency. 
This is inevitably the basis of any measuring technique suitable 
for the problem, and Fig. 1 shows the extent of the availabl 
error signal for a trial value f,, which deviates from the n id 
frequency fy by an amount 5. The energy/frequency distributio! 
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\Fig. 1.—Available error signal related to dividing frequency between 
filters fin. 


{I Available error signal. 


is centred on fo, and its image, folded about f,,, is shown dotted. 
The shaded area then indicates the differences between energy 
\sontributions from frequencies equally above and below f,. 
If these energy differences may be integrated for a chosen 
interval on either side of f,,, a maximum contribution, f,, + 
1/ay/2, is obtained where a (= b/fo) is the exponential coefficient 
in the spectrum eqn. (1). The total available error signal varies 
ith 6 in the manner shown in Fig. 2. 


ERROR SIGNAL, “Jo 


we) s 1s 20 
DEVIATION, 8,°b 


Fig. 2.—Variation of error signal with frequency deviation. 


' It would seem that the sampling points should have a separa- 
tion of (4/2/a), but of course a varies inversely with fy; and fo, 
the particular application to which the practical work herein 
relates, varies over a range of 7:-1. This wide range associated 
with a proportionate spectrum width is doubtless a common 
Yeature in most similar problems. The circuit complications 
which would allow sampling points whose separation varied 
with f,, are considerable, and there are fundamental disadvanta ges 


system the pull-in range of f,, towards fo would be proportional 
tO fo, and at small values of fg would represent a very small part 
‘of the range of excursion of fy. The amount of signal used would 
e a very small part of the available energy, and further amplifi- 
cation would be required. The restricted bandwidth of samples 
would make small random-error signal variations more likely 
less a long time-constant were employed. 

| The maximum error signal, requiring the shortest rectification 
ime-constant, may be obtained by the use of filters as wide as 
ossible, one with a pass band extending upwards from f,, and 
the other downwards. This appears to be the ideal arrange- 
nent in the absence of unwanted noise, particularly as it may 
be shown to have advantages when the spectrum deviates from 
ymmetry. 

| Unfortunately noise is always a feature of practical equip- 
nent designed with the minimum necessary power, and there is 
therefore a restriction on the optimum extent of filters on either 
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side of f,,. The factors influencing the filter bandwidth are the 
required pull-in range and loss of sensitivity through the presence 
of excessive noise. Fortunately there is an effective reduction 
of noise bandwidth when the energy in the two_sampling filters 
is rectified into a long time-constant. If «/V2 is the r.m.s. 
deviation of the rectified output from one filter —V’ is the mean 
rectified potential, and \/V2/V’ will be of the order of 1/CRf, 
where CR is the time-constant of the detector and f is the band- 
width of the filter. The r.m.s. error voltage due to noise is +/2V2. 
Hence a large noise tolerance should be possible with a suitable 
choice of time-constant. However, the presence of a large 
amount of noise in a system employing automatic gain control 
is inevitably accompanied by a small amount of signal, and 
hence the true error signal (V, — V2) will be correspondingly 
small, giving reduced sensitivity. In the practical example, 
which is the basis of the paper, the energy/frequency spectrum 
is subject to a good automatic gain control. Hence the energy 
of the total spectrum, whether at fy) = 1 or 7kc/s, will be the 
same, and therefore the signal entering filters with bandwidths 
wide enough to accept most of the energy of the fo = 7kc/s 
spectrum will contain as much or more energy at lower values 
of fo, and the filters will not receive more noise. It will be 
shown that the wide range of mean frequencies introduces a 
limitation on the bandwidth of filters which may be employed. 
Apart from reasons associated with particular systems, limitation 
of filter bandwidth is necessary from noise considerations alone. 
This may be seen from the following, which assumes that the 
noise occupies a sufficient bandwidth to give a level contribution 
across the full range of each filter. For the wider filters this 
implies a restricted range of spectrum mean frequencies. 

The noise energy contributes to each filter an energy W,,( f;,/fy). 

The signal contributes to filter 1 an energy W,, and to filter 2 
an energy W,, where 


cfm 

W, = | Kexp[—a%f —S)*Ildf . . ©) 
ae 
afmt+Sth 

W,= | Kexp[—a%™fy-Sf)*Jdf . . . @ 
~ fin 

W, = | Kexp [—a%(fy —f)*]df 


eS 


fj, = Bandwidth of each filter 


a= 10/fo 


Let the r.m.s. voltage from filter 1 be V,, and the r.m.s. voltage 
from filter 2 be V,; then 


ne| 


Sntth 
Vo {mal a | Kew [— af — 


These equations may be used to calculate the manner of 
variation of V, and V, and their difference with f,, for chosen 
values of W,,, W,, fy. fn and fo. It is justifiable to assume for 
any relatively narrow bandwidth that the rectified signal voltage 
is proportional to the square root of the energy. 

The curves in Fig. 3 show the variation of (V, — V2) with f, 
for various values of W,,. In Fig. 3A the error signal is nor- 
malized to make W, + W,, = 1, which corresponds to a good 
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Fig. 3A.—Error signal with various noise levels, normalized to make 
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Fig. 38.—Error signal with various noise levels and constant spectrum 
energy. 


a.g.c. characteristic. In Fig. 3B the signal energy W, is assumed 
to be constant, and the locus of maximum error signal is indi- 
cated. For the case chosen, fy = 9ke/s, fy = 7ke/s and f,, = 
1-01 fo, and it may be seen that, for equipment to work in the 
presence of considerable noise levels, there is no reason to make 
filters with bandwidth wider than some 1 500c/s. 


(4) EFFECTIVE FREQUENCY SHIFT OF FILTERS AND 
FILTER RESPONSES 

It has been assumed that the filters postulated can be adjusted 
in frequency without change of shape and that they each pass 
equal bandwidths in adjacent bands and reject all other fre- 
quencies. By mixing the calibrated sine-wave oscillator signal 
with the spectrum to be measured, it is possible to produce 
signals at addition and subtraction frequencies which are repro- 
ductions of the original spectrum in a higher frequency band. 
Variation of the calibrated oscillator frequency. causes the 
spectrum to move in the higher band, and if fixed filters are 
located there, the effect is substantially the same as adjusting the 
filters in the original band. It is desirable to use a frequency- 
addition process, so that the intermodulation signals from the 
different frequency components in the whole spectrum including 
noise do not fall within the frequency range of the filters. At 
the same time it is difficult to make filters which have adequate 
discrimination against the major components of the input to 
the mixer, which are the controlled oscillator signal and the 
Gaussian spectrum.. Therefore, if these signals are minimized 
by the use of a balanced mixer, practical filter responses can 
provide the rest of the required rejection.5»®. Fig. 44 indicates 
the distribution in frequency of the spectra, the controlled 
oscillator and the filters which work in accordance with the 
block schematic (Fig. 48). A magnetic-amplifier servo loop is 
shown using the error signal (V, — V2) to correct the setting of 
the calibrated controlled oscillator. In the balanced condition, 
So +45 = 20:5ke/s, where f, is the controlled oscillator fre- 
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Fig. 44.—Diagram of measuring process. 
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quency. It is necessary that the pass band should extend by at 
least the bandwidth of one filter below the mean frequency of 
the lowest frequency spectrum in order that equal noise levels be. 
presented to both filters, otherwise errors occur at the lower 
frequencies. 

A number of matched pairs of filters have been designed for 
various arrangements of this kind, both for addition and sub- 
traction systems, and for different bandwidths. Fig. 5 shows 
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Fig. 5.—Overall response of filter. 


the responses of a pair of filters which were designed to work 
in the addition system illustrated in Fig. 4. It has been found 
that satisfactory filters can be made using one symmetrical mid- 
shunt m-derived band-pass section. The most satisfactory 
balanced mixer that has been tried appears to be the ring 
modulator. 

The practical filter responses are not sharp-sided but have 
finite slopes, which give some response outside the chosen band- 
width and present a problem regarding the response level chosen 
for the ‘“‘crossover frequency.” 

Particular attention must be paid to ensure that when one 
filter characteristic is inverted about the crossover frequency the 
inverted characteristic coincides exactly with the other filter 
characteristic. The skirts of the characteristics accept noise 
over the full signal bandwidth, but if 20dB or more of rejection 
is available the power contributions of noise at these rejected 
frequencies will be sufficiently low not to introduce appreciable 
errors. The symmetry requirement applies to all responses less 
than 20 dB below the band-pass level. 

The slopes of the filter characteristics are most important, 
because they can contribute to asymmetry with corresponding 
measurement errors which vary with noise level, and because 
the sensitivity depends on the sharpness of the characteristics. 
The slopes on the adjacent sides have practically no effect o: 
the wider spectra, but are the only appreciable effect on t 
narrower ones. It is possible to compute the effect on the erro: 
signals of given slopes of the filter characteristics, but the proper 
approach becomes one of measurement when the elementary 
conclusions based on perfect filters are extended by simp! 
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lapproximate deductions to show that reasonable slopes of the 
filter responses do not cause great deterioration of the expected 
performance. For filter responses crossing at 6dB below their 
band-pass level and falling within a frequency of 100c/s to 6dB 
below their band-pass level, there is negligible effect on the error 
signal for fy = Ske/s with 1% deviation from f,,; and for fy = 
1ke/s the error signal is more than half that for fy = Ske/s. 


| 
| (5) SYNTHESIS OF SPECTRUM SOURCES 


Synthetic Gaussian spectra of fixed frequency have been 
obtained employing a white noise source passed through two 
m-sections of a constant-k filter which were adjusted until the 
response was substantially similar in shape to the required 
‘Gaussian response, by altering the Q-factor of the coils by 
ite of series resistance. 

| A more flexible variable Gaussian signal was also used in 


carrying out tests on matched pairs of filters. A constant-k 
filter was used on the frequency 4kc/s, and its output was 
recorded on a 2-channel tape recorder. 
‘second channel was used to receive a fixed frequency of 4kc/s. 
| he tape-drive mechanism of the recorder was modified by the 


At the same time the 


installation of a variable-speed d.c. motor, so that any desired 
spectrum with fp in the frequency range 1—6kc/s could be obtained 
‘by adjustment of the motor speed, while a monitor of the 
‘nominal frequency was available from the second channel. The 
ape recorder is ideal for the practical case where spectrum 
idth is proportional to the mean frequency. The arrangement 
s illustrated in Fig. 6, which also indicates a provision for adding 
E variable quantity of random noise. The energy in the random 
noise is restricted to that within the total spectrum pass band 
‘by the use of an a.f. filter. 
| The variable synthetic Gaussian source with the inclusion of 
noise has been used in experiments to be described, for the 
investigation of the properties of the servo system. The 
signal/noise ratio of the synthetic signal has already been defined 
oy implication in Section 3 as the ratio of the energy in the 
Gaussian spectrum to the noise energy (without the Gaussian 
spectrum) in the total bandwidth. To establish the signal/noise 
atio, the Gaussian signal level may be measured at the filter 
output (Fig. 6) in the absence of noise, using a vacuum-tube volt- 
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‘ig. 6.—Schematic of arrangement for providing synthetic signal 
with noise. 
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neter giving an r.m.s. reading. It is then possible to calculate 
the reading which would be given by the required noise level in 
‘he absence of the Gaussian signal and to adjust the noise level 
‘o give that reading. For instance, to obtain a unit signal/noise 
atio, the noise level is adjusted to give the same voltmeter 
eading as was obtained with the Gaussian spectrum alone. It 
5 more difficult to obtain an r.m.s. reading for the wide-band 
hoise than for the narrower-band filter outputs, but the very 
vide range of noise levels makes the possible 0-3dB error in 


\oise-level measurement insignificant. 
(6) EXPERIMENTS WITH VARIOUS ARRANGEMENTS 


| 
| 
| The most important properties of the frequency-monitoring 
/ystem are the accuracy with which the mean frequency /) may 
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be determined and the maximum deviation of f,, from fo at 
which correction is obtained. The former property may be 
defined as sensitivity and the latter as pull-in range, and both 
may be measured as a frequency deviation of f,, from f) with 
reference to Fig. 1. According to Fig. 3 it is to be expected that 
for a given error (fo — f,,) the error signal varies with filter band- 
width and noise level. Thus the sensitivity should also vary with 
these parameters. It may also be deduced that the pull-in range 
will decrease as the noise level increases. Experiments with 
various arrangements have been performed in order to measure 
the relative sensitivity and the pull-in range as functions of noise 
level. The relative sensitivity is defined as the least deviation of 
f,, from the value giving zero error signal which will cause the 
controlled oscillator to start changing its setting. For accurate 
measurement of sensitivity it was found desirable to use a cali- 
brated variable oscillator in place of the controlled oscillator, 
but to let the control operate through the servo loop. The 
deviation of the calibrated oscillator from the null-error-signal 
position required to make the controlled oscillator adjust con- 
tinuously, is a measure of sensitivity. The minimum difference 
between frequencies causing continuous adjustments in reverse 
directions is twice the sensitivity. 

By means of a Gaussian spectrum having a mean frequency 
between 1 and 6kc/s in a subtraction system, it was found 
possible to use an arrangement as indicated in Fig. 7. The 
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Fig. 7.—Frequency-measuring circuit. 


reference oscillator was controlled by the magnetic-amplifier 
servo loop over a range of frequencies from 8-5 to 13-Ske/s. 
It was mixed with the Gaussian spectrum to produce a difference 
frequency which was amplified and passed through a pair of 
band-pass filters centred on 7:5kc/s and each having 350c/s 
bandwidth. The two filter outputs were rectified and supplied 
differentially to two identical control windings of a push-pull 
magnetic amplifier. If the mean difference frequency.was either 
greater or less than 7-5kc/s one filter passed more energy than 
the other, with the result that the magnetic amplifier provided 
an output. This output adjusted the frequency of the controlled 
oscillator through the control phase of a 2-phase servo motor. 

The pull-in range is plotted against signal/noise ratio in Fig. 8 
for the different mean-frequency spectra. It may be seen that a 
unit signal/noise ratio has only a slight effect on the operation 
and that a signal/noise ratio of —10dB can be tolerated with a 
reduced pull-in range. The sensitivity was found to be some 
20c/s with fy = 2-Skc/s, and on replacing the Gaussian by a 
monochromatic signal at 2-5kc/s the sensitivity became Sc/s. 
The latter figure is a measure of the effect of the slopes of the 
filter responses near the frequency of symmetry. 

This arrangement was not investigated further because the 
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Fig. 8.—Pull-in range using magnetic-amplifier differential. 


low impedance of the magnetic-amplifier input windings made 
it impossible to employ along time-constant, and the provision 
of a high-impedance detector followed by an isolating differential 
amplifier was considered desirable. 

A “‘long-tailed pair” was employed to pass a current to the 
magnetic amplifier proportional to the difference between the 
rectified filter outputs. The circuit given in Fig. 9 was used for 
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Fig. 9.—‘‘Long-tailed pair” differential circuit. 
Vi, V2: Valve type 6AK5 or equivalent. 
Ry: Forcing resistor. 


AMPLIFIER 


some tests of the arrangement. Since the grid input impedances 
of the long-tailed pair were high, any suitable time-constants 
for the rectified filter outputs could be employed. The difference 
between these signals was found by the long-tailed pair and not 
by the magnetic amplifier. Thus the sensitivity of the system 
was improved greatly, and it permitted the use of a forcing 
resistor in the magnetic amplifier to adjust the transient response. 
These features were all found to be advantageous. Further 
advantages were discovered in the facility for adjusting the 
balance control to offset minor differences in the filter responses, 
and in the elimination of an output transformer from the circuit. 

More accurate measurements could be made using the fixed 
mean frequency sources, and both pull-in range and sensitivity 
were measured at 1, 2-5 and 4kc/s. 

Comparative measurements were made with a frequency- 
addition method of measurement involving a pair of filters with 
responses on each side of 20-5kc/s and with bandwidths of 
750c/s as indicated in Figs. 4 and 5. This latter arrangenient 
is suitable for mean spectrum frequencies between 1 and 7ke/s. 
Figs. 10 and 11 illustrate for the long-tailed-pair circuit the 
behaviour of pull-in range and sensitivity, respectively. If the 
curves for the subtraction system are compared with the per- 
formance of the magnetic-amplifier differential (Fig. 7), it may 


oe 


CLARKE AND NIKKEL: MEAN FREQUENCY DETERMINATION OF NARROW-BAND NOISE SPECTRA 


4200, 


Sales 3 a 


» 1000 


800 


400) 


PULL-IN RANGE, c/s 


200 


fe) _ —— 
720 +S +10 +5 fo) =3 —0 
SIGNAL /NOISE RATIO, dB 


Fig. 10.—Pull-in range using long-tailed pair. 
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be seen that the long-tailed pair improves both properties of the 
measuring circuit. With the frequency-addition system, there 
is a distinct improvement in pull-in range, but it is not so large 
as might have been expected, bearing in mind the substantially 
greater bandwidth used in the addition filters. The feature of 
Operation in the presence of large quantities of noise is not. 
appreciably different from the case of subtraction filters using 
the same error-signal circuits. 

A critical feature of the equipment is the time-constant of the 
detection circuits in Fig. 9. This determines the final waveform 
of the error signal as applied to the control windings of the 
magnetic amplifier. If the time-constant is long, the result is 
an approach to peak rectification and the disappearance of all 
higher-frequency transients. Too short a time-constant makes 
inefficient use of the available error signal, which occurs as a 
series of transient voltages not sufficiently enduring to build up 
useful currents in the magnetic-amplifier control windings. 
Direct input to the magnetic amplifier from the filter pair, 
employed in the experiment described, was associated with too 
short a time-constant. 

The range of suitable time-constants is, however, very wide. 
Those used with the long-tailed pair were chosen within this 
range to give a fairly rapid response time of the servo mechanism 
and also to permit efficient use of the error signal. 

Oscillograms of the growth and decay of the error voltage 
between the anodes of the long-tailed pair are shown in Figs. 12 
and 13 for Gaussian spectra with mean frequencies of 1 and 4ke/s 
respectively. The inputs to the filter pair were switched to give 
bursts of 0:15sec duration at balance and at preset errors of 
200 and 500c/s. The magnetic-amplifier output was disconnectec 
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Fig. 12.—Rectifier response to 1kc/s Gaussian spectrum. 


Length of burst: 0- 15sec. 
(a) Decay time-constant: 6 millisec. 
(b) Decay time-constant: 20 millisec. 
(c) Decay time-constant: 100 miHlisec. 
(i) Balance. 
(ii) Error: 200c/s. 
(iii) Error: 500c/s. 
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Fig. 13.—Rectifier response to 4kc/s Gaussian spectrum. 


Length of burst: 0- 15sec. 
(a) Decay time-constant: 6 millisec. 
(b) Decay time-constant: 20 millisec. 
(c) Decay time-constant: 100 millisec. 
(i) Balance. 
(ii) Error: 200c/s. 
(iii) Error: 800c/s. 


ducing these tests. The conditions shown are for decay time- 
constants of 6, 20 and 100millisec, and the growth time-constant 
in each case was about one-tenth of these values. Longer time- 
constants may be seen to reduce the ripple on the error voltage 
t the same time as retarding the response. The magnetic 
mplifier, which was operated at a power frequency of 400c/s, 
ad a time-constant of about 10millisec when a 50-kilohm 
orcing resistor was connected in series with the control 
inding. With the shortest time-constant used, the magnetic 
eons would therefore contribute appreciably to the overall 


esponse time. 


(7) ASYMMETRICAL SIGNAL OR NOISE 


The assumed symmetry of spectrum and level-noise charac- 
eristic may be inapplicable in certain problems, and in some 
ases wide filters become inaccurate. The symmetrical Gaussian 
spectrum and level noise represent the ideal case in which the 
haracteristic frequencies of the power spectrum all coincide. 
ese characteristic frequencies are as follows: 
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The equipment measures a mean frequency defined by 


fim Sntfh 
[dW.(f) + dW,(f)] = | [dwf)+dw,f)] . 
Sn—fh tin 


which reduces to an approximation to median frequency in 
the level-noise case. It may be seen clearly from eqn. (7) that 
the frequency measured is likely to be neither true mean fre- 
quency, nor modal frequency, nor median frequency in the cases 
of non-level-noise or unsymmetrical signal energy distribution. 

Where the noise characteristic is not reasonably level, high 
noise levels will give unequal signals to two filters of equal 
response. It is likely, however, that the nature of the noise 
characteristic will be known and that the maximum tolerable 
filter bandwidth may be computed for a given maximum tolerable 
error in measurement and a given maximum noise level. 

With noise whose level varies inversely with the frequency, it 
is clear that the worst error occurs for the lowest mean frequency 
spectrum. Eqns. (5) and (6) become 


tin Sin 
V0 Y af + | ke [—a%fo —f)*]df . ©) 
Sn—th Sm—Sh 
Sint+fh fintth 
Vi a far | ow [—a*(fo —f)*]df . @Q) 
m tin 


where K is defined by the signal energy 


ae | Kew [— a*(fyo —f)*]df 


—ele2) 


as before 


fa 
and W,= | sdf defines c 


Si 


The extreme frequencies of the pass band are f; and f5. Note 
that the integral for W, between /; and /, will not be appreciably 
different from that between — co and co. 

The same constant of proportionality applies in eqns. (8) 
and (9) for any given values of c and K. Hence, for a permitted 
x% error due to noise, 


fin = A + x/100) fo 


is the condition in which no error voltage shall appear. If 
curves of the difference between the exponential integrals varying 
with f, are plotted for chosen values of x, and also curves of the 
difference between the inverse frequency integrals for the chosen 
worst signal level, they cross one another at the maximum 
filter bandwidth permitted. Fig. 14 shows the variation of 


m fSintth 
1) Kexp [— a? (fo — f)"ldf — | K exp [— a(fo neu | 
Sin—fh Sm 
with f, for f,, = 1-01 fo and also the variation of 
Inti 
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with f, for several signal/noise ratios and f, = 100c/s and f = 
8 000c/s. The very surprising result is that either a relatively 
wide-band filter is permitted, or no solution is possible, depending 
on the signal/noise ratio. Curves plotted at different errors 
would reveal the complete picture, but Fig. 14 may easily be 
interpreted to show that the net error signal of correct sign is a 
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Fig. 14.—Dependence of spectrum (a), and noise (6), (c), (d), 
differential energies on filter width. 


(b) Wn = 10 Ws. 
(c) Wn = SW. 
(d) Wn = 2W,. 


maximum where the slopes of the two curves are the same. 
Curve (5) never cuts the spectrum differential curve (a), and there 
is no solution for this noise level with the 1% error chosen. The 
noise level in curve (d) will clearly permit much wider-band 
filters than curve (c), but the optima for the two cases are not 
greatly different. Noise error signal becomes appreciable for 
very narrow-band filters and grows continuously while the 
spectrum error signal has an initial slope of zero. This means 
that the optimum error signals are not obtained even for this 
kind of noise distribution with very narrow-band filters. The 
spectrum error signals for smaller values of x will approximate 
to similar curves with small ordinates, and since the range of 
reasonable filter bandwidths indicated by Fig. 14 is large, any 
suitable pair of filters leads to the same overall conclusions, 
namely with an inverse frequency distribution of noise there is 
still a disadvantage in using very narrow-band filters, and for a 
given noise level there is a necessary error in the measurement of 
fo Which cannot be reduced by filter design if the filters touch at 
§ (ig 

"It may also be seen that a gap between filter pass-bands 
would offer some improvement, but in the type of system 
described in the paper, the gap would have a different relative 
bandwidth according to the different mean frequency spectra 
and would emphasize any possible asymmetry of the distribution 
by giving different errors at different frequencies according to 
changes in noise level. 

Asymmetry of the spectrum is amenable to correction by 
calibration of the measuring arrangement described, provided 
only that the asymmetry is repeatable and the noise has a level 
characteristic. Where 2/, is greater than the bandwidth of the 
spectrum (the energy outside this bandwidth being negligible) 
the median frequency is measured. However much noise energy 
is present, equal amounts go to each filter from the signal 
spectrum at the balance, which for a particular asymmetry at 
any value of fp is a sufficient condition for the reference oscillator 
to be calibrated in terms of the parameter which generates the 
spectrum. The addition of fy to the reference oscillator fre- 
quency will not then yield exactly the mid-frequency of the 


filters. By 
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(8) CONCLUSIONS 


The experimental work indicates that, with the proposed types — 
of filter and method of using the error signal, substantial noise 
levels can be tolerated. The pull-in range, which is greater than ~ 
might have been expected, does not deteriorate very rapidly 
until signal/noise ratios of —10dB are reached. Also the sen- 
sitivity does not deteriorate very greatly in the presence of 
noise, and is such that a measuring accuracy of better than 1% 
may be expected at all values of fp. Both properties, i.e. sensi- 
tivity and pull-in range, are dependent to a considerable extent 
on the servo loop injection circuit. 

The subtraction and addition systems are similar in perfor- 
mance, and there is no conclusive meer! ok of the superiority, 
of the latter as a systém. The small measured superiority of the 
addition system, as regards pull-in range, must be attributed to 
the difference in filter bandwidth and not to the method. How- 
ever, the experiments were not adaptable to detect errors in» 
mean frequency measurement at particulars values of fo, caused — 
by intermodulation noise. It must be assumed that these errors — 
could prove serious, and hence the addition system, which is . 
inherently free from them, is preferred. No well-defined optimum — 
for filter bandwidth was indicated by the experiments. The 
system described is a highly-sensitive and potentially-accurate — 
measuring device possessing advantages of simplicity and not 
requiring anything remarkable in terms of input-signal quality. 
This latter feature will doubtless appeal most to engineers | 
working in fields requiring this type of measurement. 
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SUMMARY 

Routine impulse testing is usually carried out using an impulse 
generator and a cathode-ray oscillograph, the breakdown of the object 
under test being indicated by the sudden collapse of the wave to zero. 
The method is limited by the difficulty of visual observation of the 
cathode-ray tube and by the time delay before the oscillogram may be 
| measured. 

Many types of test would be facilitated by the employment of 
| devices to display the peak voltage and duration of the impulse wave 
without delay, so that the limitations of the cathode-ray oscillograph 
| could be overcome. The paper discusses circuits which enable an 
‘impulse generator to be triggered automatically at a preset charging 
voltage and allow the peak voltage and duration of the wave to be 
\displayed on ordinary meters. In addition, the peak voltage of the 
| wave applied to an object under test can be made visible to several 
observers without delay and an indication of the breakdown of the 
object under test can be presented. The circuits also permit automatic 
control of the test sequence to be achieved if desired. 

These circuits are not intended necessarily to replace the cathode-ray 
oscillograph but to augment it, so that routine testing may be facilitated. 
/One of these circuits has been in operation for many months and 
has been found to be very reliable. 


(1) INTRODUCTION 


The testing of insulators, transformers and similar equipment 
with impulse voltages has become standard practice, the test 
equipment used consisting mainly of an impulse generator and a 
icathode-ray oscillograph. The impulse generator is usually 
triggered by an operator when the charging voltage has reached 
\the desired value, which means that an operator is needed to 
concentrate on this alone. Although in some cases the peak 
voltage of the output wave may be determined from a knowledge 
of the charging voltage of the impulse generator, its accurate 
determination usually involves the use of a cathode-ray oscillo- 
graph. The breakdown of the object under test is also usually 
determined by means of a cathode-ray oscillograph, on the screen 
‘of which the voltage wave is seen to collapse to zero. The 
‘measurement of a voltage wave by a cathode-ray oscillograph 
/involves the use of photography to record the trace on the screen 
and the photographic processing involves a considerable wastage 
of time before the test results may be assessed. 

It would therefore appear to be desirable in many cases that the 
required information should be displayed immediately after the 
voltage wave has been applied to the object under test and that the 
operation of the impulse generator should be made as automatic 
as possible, so that the operator is free to concentrate on the test 
jas a whole. Furthermore, it is sometimes preferable that the test 
results should be displayed in such a way that several observers 
may see them. 

The paper shows that the required information may be dis- 
played on ordinary meters, despite the very short times (about 
10microsec) involved in impulse testing, and that almost any 
desired degree of automatic operation may be incorporated. 
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AUTOMATIC CONTROL AND DISPLAY IN IMPULSE TESTING 
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(The paper was first received 9th November, 1954, and in revised form 26th January, 1955.) 


(2) CONTROL OF THE IMPULSE GENERATOR 


In order to produce a wave of approximately the required 
voltage amplitude, it is necessary to trigger the impulse generator 
when the voltage to which it is charged has reached a given value. 
This may be done by setting the spark-gaps of the generator so 
that at the required charging voltage the generator will not fire 
except when the triggering voltage is applied. The voltage to 
which the first stage of the impulse generator is charged is 
observed by means of a high-value resistor and microammeter 
connected in series across the first stage. An operator triggers 
the impulse generator when the charging voltage has reached the 
desired level. The accuracy with which the amplitude of the 
output wave may be controlled is dependent on the accuracy of 
the series resistance and microammeter and is usually about 1 or 
2%, which is considered reasonable in impulse testing. 

Automatic triggering of the impulse generator may be achieved 
by the circuit shown in Fig. 1. In Fig. 1(a) (positive-polarity 
generator charging) the charging voltage is applied to the voltage 
divider formed by the resistors Rj and Rj. The potential, Vp, 


HV. 


Fig. 1.—Circuits for the automatic triggering of the impulse generator 
at a preset charging voltage. 
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Fig. 2.—Circuit for the display of the peak voltage of an impulse wave. 
Switch S; is shown in the position for a positive impulse voltage. 


of the lower end of R, may be adjusted by the potentiometer P 
and is monitored by the voltmeter V,,. In the waiting condition, 
valve V, is non-conducting and valve V, is conducting. When 
the charging voltage has risen to a value V such that 
VR,|(R, + Ro) = Vp then V, will become conducting and V, 
will become non-conducting. The change-over of current from 
V, to V, will occur over a range of grid voltage of about 2 volts 
if high-slope pentodes are used. This will correspond to a 
triggering uncertainty of 1% if Vp is 200 volts. In practice it 
is found that the uncertainty of the triggering point is less than 
this but that a slight drift of the exact triggering point is apt to 
occur with ageing of the valves. It is considered, however, that 
the uncertainty in triggering voltage is within the normal tolerance 
for impulse testing and that the use of more complicated circuits 
is not justified. 

The connections for the case of negative-polarity generator 
charging are shown in Fig. 1(d). 

The contacts on either relay A or relay B are used to apply the 
triggering pulse to the impulse generator. Extra contacts on 
either relay may be used to discontinue the charging of the 
generator when the change-over of current in valves V, and V, 
occurs, thereby preventing self-triggering of the generator at a 
higher voltage if the normal triggering mechanism fails to 
operate. 


(3) DISPLAY OF THE WAVE PARAMETERS 
(3.1) Peak Voltage of the Wave 


The peak voltage of the impulse wave may be measured by 
reference to the charging voltage of the impulse generator, by 
the use of a calibrating sphere-gap or by recording the wave on 
a cathode-ray oscillograph. The first of these methods is appli- 
cable only when the effect of the output circuit on the waveform 
is known, while the use of a sphere-gap requires the application of 
a large number of impulses to the object under test, which may be 
undesirable. The use of a cathode-ray oscillograph enables an 
accuracy of about 1% to be achieved and with care the result 
is beyond doubt. However, visual observation of the wave on 
the screen is difficult and is usually restricted to one observer. 
The delay before the oscillogram is available for measurement is 
often undesirable, and it would therefore appear that there is a 
need for an instrument which would present the peak voltage of 
the wave immediately after its application. Such a device is 
shown in Fig. 2. 

The voltage wave, which may be of either polarity, is applied 
after division by a suitable voltage divider to the input plug, A, 


and charges the capacitor C, to a negative voltage equal to th 
peak voltage of the wave. This negative voltage renders valve V 
non-conducting until it is removed by leakage through the resisto 
R,. Since R, is connected to the high-voltage source and th 
negative voltage impressed on C, is arranged to be small com 
pared with the high voltage, the rate of leakage of voltag 
from C, is sensibly constant. As a result, the time for which V 
is non-conducting is directly proportional to the peak voltage o 
the applied wave. 

While V; is non-conducting, the capacitor C, is being charge 
by current flow through the anode load of V;._ When V; agai 
becomes conducting, the voltage to which C, has been charge: 
appears as a negative voltage on the grid of V, and leaks awa‘ 
through R,. Since the time-constant of the second stage (C,R-; 
is greater than that of the first stage (C,R,), a time expansion ha 
been achieved. A further time expansion is achieved in the thir 
stage (C3R3). 

The peak voltage to which C,; is charged is measured by : 
“see-saw”? circuit consisting of valves V; and V¢ and associate: 
components, the voltage being read on the voltmeter V,,. Th 
rate at which this reading decays is so slow that, provided tha 
the observation is made within a few seconds, the loss o 
accuracy is negligible. 


(3.2) Time Lags* 


It will be noticed that the circuit described in the previou 
Section depends for its action on a direct relationship between | 


* Moopy, N. F.: “Time Expansion for Millimicrosecond Pulse Intervals,” Electron 
Engineering, 1952, 24, p. 289. : 
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Fig. 3.—Modification of the circuit shown in Fig. 2 for the display ¢ 
time-lags. 
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1000 


Change of scale 


400 


Scale for dotted section of curve (a),u/s 


Meter reading, volts 


Fig. 4.—Typical calibration curves for the circuit for the display of 
time-lags. 
Curves (a), (0), (c) and (d) correspond to different positions of S2 (Fig. 3). 


time interval and a voltage. If, therefore, the circuit shown in 
Fig. 2 is preceded by a valve connected as shown in Fig. 3, the 
time duration of a voltage wave may be registered on the volt- 
meter, V,\;. The wave is applied to V7 through a diode D, 
biased to a voltage V,,, and the time duration which is recorded 
is that for which the wave exceeds V,. 


Relay or 
recording 
meter 


373 


(4.1) Repeated Impulses at the Same Voltage 


In some applications, e.g. insulator testing, it may be required 
to apply several waves to the object under test at the same peak 
voltage. In this case the triggering circuit is preset to trigger 
the generator at the required charging voltage, and when the 
charging set is switched on, the generator continues to produce 
impulses at approximately regular intervals until it is stopped. 
Since the time-constants of the display circuits are so long, a 
resetting device such as that shown in Fig. 5 must be provided. 
The relaxation time of valve Vo is arranged so that the meters 
may be read before the resetting actions occur, and the impulse 
generator must be adjusted so that the impulses do not occur so 
rapidly that the resetting action is not completed in time. 

The inclusion of a relay in the circuit of Vg enables the 
charging of the impulse generator to be interrupted whenever a 
reading appears on the meters and to be recommenced only 
when the resetting actions are complete. In this way the speed 
with which the generator is charged is rendered unimportant. 


(4.2) One Impulse only at any Voltage Setting 
The requirement that the impulse generator should produce one 
impulse only at a given voltage setting may be met by the circuit 
shown in Fig. 6. A is a self-held relay fed from the high-voltage 
source through resistor R and the contacts on relay B in the 
circuit of Vs. 


When an impulse occurs relay B is energized, 


+HM. 


Fig. 5.—Circuit for automatic resetting of the display circuits. 
+H. 


The circuit shown in Fig. 3 will function only when the wave 
applied to D, is of negative polarity. If the impulse generator 
produces a positive wave, a valve circuit must be included to 
invert the input to Vs. 

In addition, a switch, S,, is included to vary R, (Fig. 2), so 
that different ranges of time may be covered. Typical calibration 
curves are shown in Fig. 4. The non-linearity which is apparent 
on some of the ranges could readily be removed if desired, but is 
considered to be useful in that a greater range of times may be 
covered on the one range than would be the case with a 
linear law. 

For routine testing with a 1/50microsec wave, for example, the 
range switch and bias voltage V;, would be set so that a full-scale 
teading corresponding to, say, 100microsec was obtained in the 
absence of a breakdown. Under these conditions, when a break- 
down occurs the meter will give a reading of considerably less 
than full scale, since a time lag to breakdown longer than 
50microsec is unlikely. 


(4) AUTOMATIC OPERATION 
‘The degree of automatic operation desirable obviously depends 
on the particular application envisaged; in this Section, therefore, 
various possibilities to illustrate the general principles will be 


a 


Az} To charging set 


Fig. 6.—Relay connections for producing one impulse only at a given 
voltage setting. 


and by breaking the circuit causes relay A to open, thereby 
interrupting the charging of the generator. The charging may 
be recommenced by closing the switch S3, and this may also be 
made to reset the display circuits. 
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(4.3) Repeated Impulses at the Same Voltage until a Breakdown 
Occurs 

It may be required to apply impulses at a given voltage to the 

object under test until a breakdown occurs and then to discon- 

tinue the test. This may be achieved by a circuit (Fig. 7) similar 


Fig. 7.—Circuit modification to allow repeated impulses to be 
discontinued if and when breakdown occurs. 


to that shown in Fig. 5, except that an extra diode, Dg, is inserted. 
When no breakdown occurs, a full-scale deflection is obtained 
on the time-lag meter, and the voltage produced across R, is 
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sufficient to overcome the bias on D, and to cause the resetting 
action to occur. The charging is interrupted by the opening of 
a relay, as described above, and is recommenced only when the 
resetting action is complete. 

When breakdown occurs the voltage appearing across Ry, 1s 
considerably smaller than in the absence of breakdown, and may 
be arranged to be insufficient to overcome the bias on D,. Asa 
result, the charging of the generator is discontinued and the 
resetting action does not occur. 


(4.4) Other Forms of Automatic Operation 


Other forms of automatic operation will be obvious. For 
example, the use of a uniselector would enable the triggering 
level to be increased with each impulse, so that impulses of 
increasing peak voltage would be applied to the object under test. 
The use of a counter or uniselector would enable a given number 
of impulses of a given voltage to be applied before the test 
was automatically stopped or before the applied voltage was 
increased. 
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SUMMARY 

Tn this paper a communication system is described which uses pulse- 
time modulation. It provides 24 channels of the quality recommended 
by the C.C.I.F. for the transmission of speech over international trunk 
circuits. 

The pulse-multiplex terminals operate in conjunction with radio 
_ equipment operating in the 2000 Mc/s band; this is not described here. 

The multiplexing equipment and its mode of operation are described 
in some detail—in particular the distributor and modulator. 
Performance figures are given. 


(1) INTRODUCTION 


The idea behind the use of time division for the multiplexing 
\of signals is now quite old, having been used as long ago as 
1874 by Baudot for telegraphy. In 1919 H. J. Round took out 
a patent on pulse-width modulation,! although he does not seem 
to have envisaged the interlacing of different channels. How- 
ever, in 1927 J. M. Loeb produced a system employing interlaced 
amplitude-modulated pulses.2, In 1935 R. D. Kell took out a 
patent on the use of time and width modulation, and in 1937 
E. M. Deloraine and A. H. Reeves patented a system using inter- 
laced time-modulated pulses;4 this seems to have been the first 
practical system using pulse-time modulation. 

Since 1937 a number of systems have been produced using 
time or width modulation, the general tendency being towards 
an improved performance and a reduction in the number of 
valves required (e.g. References 5, 6 and 7). 

The pulse system to be described here, operating in conjunction 
with a radio system, provides the quality of transmission asso- 
ciated with long coaxial cables, and is simple both in its construc- 
tion and in operation. 


(2) GENERAL DESCRIPTION 


_ Although only the pulse modulation, demodulation and multi- 
plexing equipment is to be described in the paper, a brief descrip- 
tion of the whole system is given here so that the overall per- 
formance may be understood and the relationship between the 
pulse and radio equipment made clear. 
One complete system provides 24 one-way channels of the 
quality required by the C.C.I.F. for transmission of speech over 
long coaxial cables.8 
The main problem involved in long-distance communication is 
that of achieving the required signal/noise ratio. The noise in 
the received signal is due to a variety of causes which may con- 
yeniently be divided into two parts—the noise caused in trans- 
Mission by the radio transmitter and receiver, and that introduced 
by the terminal equipment, in this case the pulse modulators and 
demodulators. 
The radio link uses frequency modulation and its charac- 
teristics may be briefly summarized as follows: 


Frequencies .. in the 2 000 Mc/s band 
Peak-to-peak deviation : : ASL PAN ES 
Transmitted power 1 watt 
Aerial gain: transmitter and receiver (each) 30dB 
Receiver noise factor. . at 14dB 
_ Average repeater spacing 30 miles 
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Making due allowance for losses in feeders, etc., and for fading 
this gives, under the worst conditions, a carrier/noise ratio at the 
receiver of 23dB. As shown in the Appendix, if such a radio 
link is fully modulated by a 24-channel system of the type to be 
described, the signal/noise ratio in the demodulated channels will 
be 40-8dB better than the radio carrier/noise ratio by virtue of 
the combined pulse-time modulation and frequency-modula- 
tion improvements. Hence, under the worst conditions, the 
signal/noise ratio will be approximately 64dB. In practice, when 
a large number of repeaters are used, the probability of serious 
fading occurring on many of the sections at one time is very low: 
when due allowance is made for this it is found that the C.C.I.F. 
requirements for noise power in the output channels are met over 
a 2 500km circuit. 

The number of channels is fixed at 24 so that the system 
should be equivalent to two 12-channel groups. 

Ina pulse system the repetition frequency must be at least 
twice that of the highest frequency to be transmitted: in this case 
the band to be used lies between 300c/s and 3-4kc/s, so the 
repetition frequency must be above 6:8kc/s. The frequency of 
8kc/s was chosen for a variety of reasons, the most important 
being that after the demodulation process it is necessary to 
attenuate all frequencies above half the repetition frequency, 
while on the other hand no attenuation must be allowed to take 
place in the pass band; if the highest frequency to be transmitted 
and half the repetition frequency are suitably spaced the desired 
result can be achieved with a simple filter. 

In addition to the modulated pulses a synchronizing pulse 
must be provided so that the receiver oscillator can be locked to 
the incoming signal in the correct phase. The use of pulses of a 
different shape for this purpose is the obvious solution; this has 
the serious disadvantage, however, that in any reshaping of the 
pulses which may be necessary, at repeaters for example, the 
synchronizing pulses would have to be treated differently. 
Instead, a double pulse is used; two pulses of the same shape as 
the channel pulses are separated by about one pulse length and 
are identified at the receiver by this property. An additional 
channel interval is provided for the synchronizing pulse, bringing 
the number to 25. Since an odd number of channels is incon- 
venient for timing purposes, a spare channel interval is provided, 
making the total 26. This is normally left vacant but could be 
used for a pulse carrying an engineers’ channel. 

The length of pulse used is affected by a number of factors. 
If the pulse is wide the possible time deviation in the channel 
interval is reduced; if it is made narrower the video bandwidth 
required is, increased thus increasing the noise, this situation 
being worsened by the fact that frequency modulation with its 
well-known triangular noise spectrum? is being used. As a 
compromise a pulse length of 0-Smicrosec was chosen, this 
involves a video bandwidth of about 2:0Mc/s. Cross-talk con- 
siderations also preclude the use of a broad pulse with a long 
Stang? 

If the pulses are allowed to be modulated over the entire 
channel interval severe crosstalk may be caused in adjacent 
channels if a pulse comes very near to the boundary between 
them. Experience shows that, if the excursions of the pulses are 
limited to 70% of the total channel width, no crosstalk is caused 
by this effect. This, incidentally, also ensures that two pulses 
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from adjacent channels can never come close enough to one 
another to simulate a synchronizing pulse. 

Various important features of the pulse equipment may con- 
veniently be mentioned here before proceeding to a more detailed 
description. 

One of the most important components in a pulse system is the 
distributor by which the timing of the channel pulses is controlled. 
Various types have been used in the past, some active, such as 
cathode-ray tubes and chains of valves, and some passive, such as 
delay lines. Both types have their disadvantages; the active 
type may be dependent upon special cathode-ray tubes or be 
such that, if one valve ceases to function, the whole chain sub- 
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(3) THE TRANSMITTER ie 

The transmitter of a pulse system has to perform the following 
functions: 

(a) To modulate each of a number of pulse trains (all of the 
same repetition frequency) with an audio signal which it is 
desired to transmit. 

(b) To interlace these pulse trains so that they do not interfere 
with one another. 

(c) To add some kind of synchronizing signal so that the 
receiver is able to sort out the incoming signals. 

The layout used in the equipment to be described is shown in 
block form in Fig. 1. 


PHASE - SHIFTING NETWORK 


MODULATOR 
(6 CHANNELS) 


MODULATOR 
(6 CHANNELS) 


AUDIO INPUTS 


Fig. 1.—The transmitter. 


sequent to it ceases to work. Delay lines of the lumped-constant 
type normally used are never perfect, so the output pulses almost 
invariably have to be reshaped in some way requiring the use of 
extra valves. In the present system a passive network is used to 
phase-shift a sine wave at the repetition frequency (8kc/s). The 
outputs from this network are always pure sine waves, and by 
using close-tolerance components and high-Q-factor coils they 
are all of very nearly the same amplitude. The nearly linear 
section of the sine wave about the point of steepest slope is 
used directly in the modulation process, as explained later, the 
time modulation of the pulses depending directly on the slope of 
the sine wave at this point. This slope depends directly on the 
amplitude of the sine wave, which is kept to within 0-5dB of its 
input value. The effect of the small variation can be compensated 
for in the adjustable output amplifiers which follow the 
demodulators. 

The same type of distributor is used in the receiver, although 
in this case not so directly, since a gating pulse has to be developed 
from each output. However, from a purely practical point of 
view it is still very convenient, since only one section of the 
network has to be used for each tapping, as opposed to a mini- 
mum of three or four in a delay line for delaying pulses. 

A channel of greater bandwidth (7:4kc/s) suitable for medium- 
quality music transmission may be provided by this equipment 
by modulating two equally spaced channels (say 1 and 14) with 
the same signal; this effectually doubles the repetition frequency 
and so enables the greater bandwidth to be transmitted. 

The total number of valves used in the pulse equipment (one 
transmitter and one receiver) is 106, corresponding to just under 
4-5 valves per one-way channel. 


The basic frequency is controlled by the 8kce/s crystal-controlled 
oscillator. This provides three outputs: one to a pulse generator 
which gives an output of pulses at 208kc/s (i.e. 26 x 8kc/s) for 
use as timing calibration on a display unit. The second output is 
used to synchronize the time-base of this display unit. The 
third, of carefully controlled amplitude, is fed into a phase-shift 
network. This network is arranged so that the phase shift 
between successive tapping is 277/26rad at 8kc/s. The attenua- 
tion of the network is kept very low. 

Successive tappings from this network are connected to channel 
modulators which are arranged in batches of six for convenience 
in construction. 

From the end of the phase-shift network an output is taken to 
the synchronizing-pulse generator, where are generated the double 
synchronizing pulses previously mentioned. 

The pulses from the four 6-channel modulators together with 
the synchronizing pulses are interlaced and shaped in a pulse- 
length equalizer, so as to remove any irregularities in amplitude 
and duration due to component variations, etc. The resultant 
pulses are then passed on to the radio equipment. 

Setting up this equipment, in so far as the timing of the wave- 
forms is concerned, is very simply achieved by using a display 
unit whose time-base is locked to an output from: the master 
oscillator as previously mentioned. The 208kc/s pulses are used 
to mark the channel boundaries and enable all the timing to be 
adjusted to the required degree of accuracy. 


(3.1) The Master Oscillator 


The oscillator, which runs at 8ke/s, is crystal controlled and of 
conventional design. The use of a crystal ensures that good fre- 
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| quency stability is obtained without the use of stabilized power 
‘supplies and temperature-compensated tuned circuits. Calcula- 
| tion showed that under extreme conditions the synchronization 
| circuit at a receiver terminal, possibly hundreds of miles away, 
would not be able to keep the receiver oscillator accurately phased 
if the transmitter frequency were not carefully controlled. 

The output to the phase-shift network is controlled at 30 volts 
peak amplitude, a gas-discharge stabilizer valve being used to 
provide an accurate reference voltage independent of power- 
| supply variations. 


(3.2) The Distributor 


The phase-shift network into which the sine wave is fed consists 
of cascaded 7r-sections of constant-k low- (or high-) pass filters 
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(6) 
Fig. 2._Transmitter phase-shifting networks. 
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(a) Phase-advancing network. 
(6) Phase-retarding network. 


: (Fig. 2). Each section gives a phase shift corresponding to 
2m/26rad at 8kc/s, i.e. a phase shift corresponding to one 
channel interval. There are 25 sections, so that all possible 
phases may be obtained, The network is accurately terminated 
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approximately correct by passing a low-frequency square wave 
down it, and examining the input for reflections. 


(3.3) The Modulator 


A method which is frequently used for generating time- 
modulated pulses relies on the principle of comparing the signal 
with which the pulses are to be modulated with a sawtooth 
waveform which is repeated with the desired pulse-repetition 
frequency. In this equipment a small section of the 8kc/s sine 
wave about the cross-over (point of maximum slope) is used. 
Near the cross-over a sine wave approximates to a straight line, 
and elementary calculation shows that the non-linearity produces 
no second-harmonic distortion, and that the third-harmonic 
distortion is 70dB below the fundamental with the maximum 
modulation. This amount of distortion is less than is likely to 
be produced by non-linearity in a sawtooth. 

The modulator circuit is shown in Fig. 3. Valves V1(a) and 
V1(4) constitute the modulator and are triodes connected with a 
common cathode load and feedback between one anode and the 
other control grid. The audio signal with which the pulse train 
is to be modulated is applied to the grid of Vl(a@). The audio 
signal is limited in amplitude by the germanium diodes G1 and 
G2 in order to prevent over-modulation of the pulse train. To 
the grid of V1(b) is applied the 8kc/s sine wave from the appro- 
priate tapping of the phase-shift network [see Fig. 4(5)]. It was 
found to be advisable to feed this sine wave via the cathode 
follower V2 in order to eliminate a tendency for waveforms to 
feed back into the phase-shift network from the modulator and 
cause crosstalk into the other channels. 

The operation of the modulator may best be described as 
follows. Consider the time when V1(a) is conducting and the 
sine wave on the grid of V1(d) is rising from its most negative 
value [Fig. 4(5)]; as it approaches to within a few volts of the 
potential on the grid of Vl(a), which is determined by the 
incoming audio signal, V1(4) will start to conduct, and its anode 
potential will fall; this fall will be communicated to the grid of 
V1(@) via the condenser Cl, thus accelerating the transfer of 
current from Vl(a) to V1(6). This change-over is very rapid 
(less than 0:1 microsec). As the voltage on the grid of V1(6) 
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Fig. 3.—The modulator. 


in its characteristic impedance at 8kc/s. By the use of iron-dust 
cores for the inductances, high Q-factors are obtained and the 
loss in the network is kept to about 0-5dB overall. 

- Both low- and high-pass networks have been used with equally 
‘good results, but the low-pass type is preferred as having more 
convenient component values; also, since it is the same as a 
‘conventional delay line, it is easy to check that the termination is 


falls again, after the peak of the sine wave, current is again 
transferred to V1(a). 

The output is taken from the anode of V1(a) and differentiated 
by the inductor L1, in parallel with which is the germanium 
diode, G3, so arranged that the only pulses produced across L1 
are positive-going and will be derived from the rising edge of 
the rectangular output waveform. The inductor L1 is chosen 
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Fig. 4.—Transmitter waveforms. 


(a) Oscillator output and phased sine wave for synchronizing pulse. 
(b) Phased sine wave for channel 1. 

(c) Channel 1. 

(d) Channels 1, 2, 3, 4, 5, 6. 

(e) Trigger for synchronizing pulse. 

(f) Synchronizing pulse. 

(g) Output pulses. 


so that—together with the stray capacitances—it will resonate 
to give 0-5microsec pulses [Fig. 4(c)]. 

The pulses from six of these modulators are combined via 
germanium diodes which are used to isolate the ringing circuits 
from one another [Fig. 4(d)]. 

The diode G4 is so biased that it slices the pulses about one 
volt above earth potential and so removes any overshoots or 
stray waveforms which might introduce crosstalk. 

The amplifier valve V3 provides a low-impedance output 
from which the pulses are taken to the final unit, where they are 
combined with the pulses from the other three 6-channel modu- 
lators and the synchronizing pulses. The timing of the output 
pulses from each channel modulator is controlled by the phase 
of the sine wave which is fed to it. In addition, a fine adjustment 
is provided by the potentiometer R1, which varies the mean 
potential on the grid of V1(a@) and so permits a small variation in 
the section of the sine wave used. 


(3.4) Synchronizing-Pulse Generator and Output Stage 


With reference to Fig. 5, a 0:-Smicrosec pulse [Fig. 4(e)] is 
generated by valve V1 and its associated circuits in exactly the 
same way as ina modulator. No adjustment is provided for this 
pulse, since it is used as the reference to which the timing of all 
the channel pulses is adjusted; it is fed via the cathode-follower 
V2(a) to the delay line. The delay line is open-circuited at its far 
end, so that the input pulses are reflected with the same polarity 
and return to the input, which is terminated by R1, after one 
microsecond. The resultant double pulse is cleaned up by the 
Class C amplifier V2(b) [Fig. 4(/)]. 

The synchronizing pulses are then combined with the channel 
pulses and applied to a length-equalizing circuit consisting of a 
monostable multivibrator triggered by the leading edges of the 
pulses, whose recovery time is adjusted to be 0-Smicrosec. In 
the output from this multivibrator is a pulse transformer; this 
is used so that an ordinary low-power valve can provide 5-volt 
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Fig. 5.—Synchronizing pulse-generator. 


pulses in an impedance of 75 ohms which can be fed via a coaxial 
cable to the radio apparatus. 


(4) THE RECEIVER 


The receiver must perform three functions: (a) it must select 
the synchronizing pulse from the incoming pulse train and lock 
the waveforms generated to it; (6) it must gate out the separate 
channel pulse-trains; and (c) it must demodulate each pulse train 
and amplify the resulting audio signal. 

From Fig. 6 it will be seen that the pulse train is fed into the 
synchronizing-pulse separator; in this unit the synchronizing 
pulse is isolated from the pulse train and compared in a phase- 
sensitive device with a sawtooth waveform generated from the 
oscillator sine wave. This in turn generates a bias voltage which 
is applied to a reactance valve which controls the oscillator 
frequency. 

A further output from the oscillator goes to a pulse generator: 
in this are generated pulses at a repetition frequency of 208 kc/s. 
These are so timed as to appear at the channel boundaries. 

The phase-shift network is the same as in the transmitter, 
except that to each output are added the 208kc/s pulses. These 
outputs are used to generate gating pulses for each channel, the 
accurate timing of these being achieved by the superimposed 
208kc/s pulses. The time-modulated pulses are then gated by 
these pulses in a germanium-diode gate and applied to the 
demodulator valve. The demodulator converts the time- 
modulated pulses into width-modulated pulses, which are passed 
through a low-pass filter in order to reproduce the original 
signal and finally amplified to give the required output level. 


(4.1) Synchronization 


Demodulation of the time-modulated pulses is achieved by 
converting these into width-modulated pulses. The timing of 
their leading edges is determined by the time-modulated pulses, 
and that of the trailing edges by waveforms generated in the 
receiver. These width-modulated pulses are then demodulated by 
being passed through a low-pass filter. Clearly any noise that 
appears on the trailing edges of these will appear in this output. 
The synchronizing pulses will be distorted by random noise in the 
same way as the received time-modulated pulses; if, therefore, 
the receiver waveforms are directly locked to the synchronizing 
pulses, there will be as much disturbance due to random noise 
on the trailing edges of the width-modulated pulses as on the 
leading edges, i.e. the level of noise in the output will be 3dB 
worse than if the trailing edges were noise free. This figure of 
3dB assumes that there is no correlation between the noise on 
the two edges. It is therefore desirable to use a method of 
synchronization whose operation is somewhat analogous to the 
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PULSE SYNCHRONIZING- 


| v INPUT 
GENERATOR 


8kc/s RECEIVER 
OSCILLATOR 


PHASE -SHIFT NETWORK 


DEMODULATOR DEMOOULATOR DEMODULATOR DEMODULATOR 
(6 CHANNELS) (6 CHANNELS) (6 CHANNELS) (6 CHANNELS ) 


208kc/s PULSE 
GENERATOR 


FILTERS AND 
OUTPUT AMPLIFIERS 


FILTERS AND 
OUTPUT AMPLIFIERS 


FILTERS AND 
IOUTPUT AMPLIFIERS 


FILTERS AND 
OUTPUT AMPLIFIERS 
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Fig. 6.—The receiver. 


“flywheel synchronization’!® used in some television-receiver potential of the sawtooth at the instant of the pulse. When 
circuits. there is no pulse present the diodes will be biased off and the 

In Fig. 7, the synchronizing pulse is separated from the pulse charge on the condenser Ci will remain unchanged until the next 
train by applying the latter to the delay line, open-circuited at pulse. As the phase of the 8kc/s oscillator varies in relation 
the far end. The delay is such that the reflected first syn- to that of the incoming synchronizing pulse the voltage on the 
chronizing pulse coincides with the second one, thus producing condenser Cl will vary. The voltage on Cl is fed via R, to the 
a double-height pulse which is separated from the rest of the grid of the reactance valve V2. Since the time-constant R,C) is 
pulse train in the Class C amplifier V1. In the anode of this very large, variations due to noise on the synchronizing pulses 
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Fig. 7.—Synchronizing pulse separator and locked oscillator. 
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valve is the diode-clamp transformer T1. To the centre tapping will be effectively suppressed. The reactance valve V2 controls 
of this transformer is fed a sawtooth waveform generated from the frequency of the LC oscillator and enables an accurately 
the 8kc/s sine wave; this is arranged to have a flyback of about phased lock to be achieved for periods of thousands of hours. 
Smicrosec. The waveform at A is shown in Fig. 8(b), the wave- : pips 

form at B is identical except for the polarity of the superimposed (4.2) The Receiver Distributor 

pulse. During the presence of this pulse, current will flow The receiver distributor is exactly the same as in the transmitter 
around the clamp circuit and the condenser C1 will charge to the except that a train of negative pulses, with a repetition frequency 
y 

\ 

4 
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Fig. $8.—Receiver waveforms. 


(a) Input pulses. 

(b) Clamping waveform (sawtooth + pulse). 

(c) Channel 1 selector sign wave with pulses. 

(d) Channel-selecting pulse. 

(e) Selector channel 1 

(f) Pulse-width modulation on grid of output multivibrator. 


208 kc/s 
eas OUTPUTS TO WE sae eeabicee Ls 


SPARE 
SPARE 


2 3 4 5 22 23. 24 “n 


8 kc/s : 
SINE WAVE at 
(2) 
208 kc/s 
PULSES 


7 


Fig. 9.—Receiver phase-shifting networks. 


(a) Phase advancing network. 
(6). Phase retarding network. 
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of 208kc/s and fixed phasing, is superimposed on the outputs. 
The most convenient way of achieving this is shown in Fig. 9. 
In the high-pass network the pulses suffer negligible delay, 
since their repetition frequency is very far removed from the 
cut-off frequency of the network (about 900c/s). In the low- 
pass network this form of connection cannot be used since 
the pulses would be severely attenuated owing to its very low 
cut-off frequency, so the arrangement of Fig. 9(d) is used. 


(4.3) The Demodulator 


The demodulator may conveniently be divided into three 
stages: a pulse generator controlled by the sine wave from the 
phase-shift network; a gate which is operated by the pulse from 
it, and which lets through the pulses belonging to the channel 
to be demodulated; and the actual demodulator which converts 
the time-modulated pulses into width-modulated pulses prior to 
passing them through a low-pass filter, the output of which is 
the required audio signal. 

The circuit used is shown in Fig. 10. Valves V1(a) and V1(8) 
are triodes connected in a similar fashion to those used in the 
modulators. To this circuit are fed the sine wave and pulses from 
the phase-shift network [Fig. 8(c)]. Consider the time when the 
voltage on the grid of V1(@) is falling: the first negative pulse, 
which lowers the potential on this grid to within a few volts of 
that on the grid of V1(4), will allow V1(6) to start to conduct. 
Owing to the feedback action, current will be rapidly transferred 
to V1(b), and this will remain conducting until such time as the 
voltage on the grid of V1(@) rises sufficiently to reverse the process. 

It will be noted that the time when V1(4) starts to conduct is 
accurately determined by the negative pulses which are them- 
selves adjusted to occur at the channel boundaries. The output 
from the anode of V1(b) is differentiated by the tuned circuit 
L,C,, across which is the germanium diode G1, so arranged that 
the negative pulse of Fig. 8(d) appears on the output. The pulses 
are of 4-81 microsec duration.!3 

These large negative pulses are applied to a germanium-diode 
gate. Negative time-modulated pulses are fed to this as shown; 
so long as the germanium diode G2 is conducting these pulses 
will merely switch off the germanium diode G3, and the voltage 
at point A will remain practically constant. However, when the 
negative-gating pulse appears on G2 the voltage at point A 
will follow the modulated pulse which arrives during the interval 
when G2 is switched off. 

The time-modulated pulses which are let through by the gating 
pulses are applied to the grid of V2(a). The valves V2(a) and 
V2(b) are again connected in a similar fashion to the modulator, 
and their grids are connected to stabilized voltages as shown. 
Negative pulses at 208kc/s are applied via the germanium diode 
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Fig. 10.—The demodulator. 


154 to the grid of V2(b). Between these pulses the grid of V2(d) 
's held at a potential which is stabilized 150 volts positive to the 
negative supply, i.e. at approximately earth potential. 

| Normally, valve V2(qa) is conducting and V2(bd) is cut off. On 
9 arrival of a negative gated modulated pulse on the grid of 
| 


| 


v2(a) the current through this valve falls and the potential on its 
anode rises; the potential on the grid of V2(b) rises with it until 
G4 starts to conduct and holds it at about earth potential. 
Owing to the feedback action, V2(a) is now cut off and the current 
through V2(b) is entirely determined by RI and the stabilized 
potential on its grid. On the arrival of a negative pulse from the 
208kc/s pulse train on the germanium diode G4, this diode is 
cut off and the potential on the grid of V2(b) falls so that V2(a) 
starts to conduct again, its anode potential rises, driving down the 
potential on the grid of V2(d) still further, and thus the original 
conditions are restored. 

The current pulse, which has been passed through V2(b), had 
its leading edge determined by the modulated pulse and its 
trailing edge by a fixed pulse. The amplitude of the pulse is 
independent of supply variations because of the stabilized voltage 
applied to the grid. This width-modulated pulse is passed 
through the low-pass filter in the anode circuit; the output from 
this low-pass filter will contain only the original signal with 
which the pulses were modulated.!!_ This signal is finally ampli- 
fied to the required level (+-10dBm*) in an audio amplifier. 


(5) PERFORMANCE 


_ This equipment was designed to meet the C.C.1.F. requirements 
for telephone circuits over coaxial cables.8 Although these 
requirements are not always directly applicable, they provide a 
useful standard for comparison with other systems since no 
recommendations exist for this type of system. Under this 
heading come noise, crosstalk, distortion and stability. 

The input test level to the channels is — 14dBm, and overloading 
takes place 6dB above this. The output level is +10dBm, but 
this can be varied by adjusting the gain of the output amplifier 
in 1dB steps over the range +5 to +15dBm. 


(5.1) Noise 


' The noise in the output derives from two sources—the radio 
equipment and the pulse equipment. The radio noise has been 
mentioned earlier. The C.C.I.F. state that the noise due to all 
terminal equipment should not exceed 2 500 nuW at a point of 
zero relative level for a 2 500km circuit; this corresponds to a 
signal/noise ratio of 56 dB. 

The measured signal/noise ratio with the pulse transmitter and 
receiver back to back varied from channel to channel in the 
range 65—75dB. For values worse than 75 dB the noise is almost 
entirely due to the use of germanium diodes as limiters to the 
audio inputs. If a very large number of modulations and 
demodulations were required, the use of thermionic diodes might 

necessary, but since in this type of equipment channels may 
be extracted and added at will, without demodulating other 
channels, this is unlikely. The total noise, power is limited to 
10 000 .n.W over a 2 500km circuit, and this figure is met with 
the radio equipment used and an average repeater spacing of 
30 miles. 
\ (5.2) Crosstalk 

The C.C.I.F. require that the intelligible crosstalk between 
channels be more than 65dB below the signal. 

Measurements showed that the radio equipment used intro- 
duced no measurable crosstalk. 

_ With the pulse terminals back to back this crosstalk is, in all 
¥ 

a 

a: 


* Decibels referred to 1 mW. 
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cases, more than 70dB below the signal, and in many cases not 
measurable. 


(5.3) Distortion 


The harmonic distortion introduced by the terminals is 
negligible for all input levels at which limiting does not take 
place, the total being of the order of 1%. As limiting commences 
the distortion rises sharply. 

In addition to harmonic distortion, outputs are also obtained 
at frequencies f,—2f,,,, f,—3f,,. etc.,!! where f, is the repetition 
frequency and f,,, is the modulating frequency. The components 
—4f,,, etc., are negligible. In the case of f.—2f,,, this lies 
in the band only if f,, is greater than 2 300c/s. For speech via a 
normal telephone, components at and above this frequency are 
relatively negligible, so, although the distortion product is only 
36dB below the modulating signal, the effect is insignificant. 
This figure for the distortion is well in agreement with theory. 


(5.4) Stability 


The short-term stability of the equipment in relation to varia- 
tions of high-voltage and heater supplies due to mains variations 
is best measured in terms of variations in the overall gain of the 
various channels. 

For a supply variation of +10% 
overall gain is 0-2dB. 

The long-term stability of the pulse terminals is good, and 
very little adjustment is needed after a few thousand hours’ 
running, apart from occasional valve failures. 


the maximum variation in 


(5.5) Summary of Performance 


—14dBm (four wire). 
-+10dBm (four wire). 

6dB above test level. 
+0:5dB from 300c/s_ to 
3 400c/s. 

Less than 5% or an input 
6dB above test level. 

Not more than 0-:2dB varia- 
tion for +10% variation in 
h.t. and heater supplies. 
+0°5dB in period of a few 
weeks. 

Better than 70dB. 

Better than 65dB below test 
level. 


Input test level 
Output test level 
Overload level 
Frequency response 


Harmonic distortion 


Stability of overall gain 


Cross-talk ratio 
Noise 


(6) CONCLUSIONS 


A transmission system of a type suitable for integration with 
international trunk telephone networks has been described. It 
has both advantages and disadvantages when compared with the 
more conventional carrier equipment using frequency-division 
multiplex. It is less reliable, since very many more valves are 
used. However, it is very much less bulky than the correspond- 
ing frequency-division equipment. It can be used with advantage 
over types of country where the laying of cable is difficult or its 
maintenance costly. Because it is less bulky and transmission is 
by radio, it is relatively more mobile and hence of value for 
temporary links. 
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(8) APPENDIX 


(8.1) Signal/Noise Advantage in a Pulse-Time-Modulation/ 
Frequency-Modulation System 


Feldman and Bennett!2 show that, in a system in which the 
radio carrier is frequency-modulated by a pulse-time-modulated 
signal, the mean-square time deviation of a pulse due to noise 
is given by 

ees 4P fh 


AG Spi eta 


where P,, = Mean fluctuating noise-power per megacycle per 
second of bandwidth. 
/, = Width of base band (video band), Mc/s. 
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B = Peak to peak frequency swing of frequency-modu- 
lated system, Mc/s. 
P. = Carrier power. 
If N = Number of pulse-time-modulated channels, 
f, = Sampling rate, Mc/s, 


and maximum depth of modulation is 70%. 


0-35 
hy Q) 

0-35 
Thus r.m.s. value of signal er . i. ie 
VONF, « 

signal, 2 0-35\2 322P.B2 

eayat Eek soy 4P. fp @ 
This value of signal/noise ratio is a voltage ratio. It may just 


as conveniently be expressed as a power ratio and put in the 


form 262 ae 
ignal B 5 / 
CoG 


where B = Radio-frequency bandwidth, Mc/s. 


P./BP,, represents the ratio of the signal/noise power in the 
radio receiver; hence the remaining terms constitute the 
signal/noise advantage. 


282B 
Signal/noise advantage = 3(— p ) 
In this case B = 12Mc/s 


(6) 


al 


B= 16Mec/s 
N20) 


f. = 0-008 Me/s 


whence the combined pulse-time modulation and frequency- 
modulation improvements result in a value of 40-8dB for the 
ratio of the radio carrier/noise value to the signal/noise ratio in 
the demodulated channels. 
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‘COUPLED TRANSMISSION LINES AS SYMMETRICAL DIRECTIONAL COUPLERS 


SUMMARY 


_ If two similar unbalanced transmission lines are coupled together 
by sharing a common outer conductor for part of their length, so as 
to form a 3-conductor line, they constitute a symmetrical directional 
coupler. The output ratio of this varies sinusoidally with frequency, 
being greatest for lengths equal to an odd number of quarter-wave- 
lengths; the characteristic impedance is independent of frequency, 
being determined by the cross-section of the 3-conductor line. 

Two forms of the directional coupler are described. One of these, 
intended for laboratory power measurement at frequencies up to 
1 000 Mc/s, consists of two parallel strips enclosed in a square-section 
outer conductor. The other, a very simple device for monitoring 
transmitter power, consists of two lead-covered coaxial cables grafted 
together. 

Among possible uses suggested are all-pass filters and applications 
to aerial systems consisting of two parts fed in phase quadrature. 


LIST OF PRINCIPAL SYMBOLS 
A;, A>, B,;, Bz = Four pairs of input terminals of a symmetrical 
directional coupler. 
C = Capacitance in Maxwell bridge, farads. 
c = Velocity of light, m/sec. 
K = Output ratio of directional coupler. 
k= VJ (Rif R;). 
L = Inductance in Maxwell bridge, henrys. 
Ro = Characteristic impedance of directional coupler, ohms. 
Ry = Characteristic impedance of cable from which the 
simple directional coupler has been made. 

R,, R, = Characteristic impedance of the 3-conductor line 
excited respectively as a balanced and an unbalanced 
two-conductor line (Fig. 3), ohms. 

fl = Angular length of 3-conductor line, radians. 
' @ = Angle subtended by the slot at the axis of either inner 
conductor of the simple directional coupler, radians. 
@ = Angular frequency, rad/sec. 


(1) INTRODUCTION 


A directional coupler is a device for sampling waves travelling 
in one direction along a transmission line or waveguide. (Wave- 
guides will not be considered in the paper.) In its more general 
form it has two pairs of terminals for connection to the trans- 
mission line and two auxiliary outputs. When the auxiliary 
outputs are correctly terminated in resistive loads, a fraction of 
the energy travelling in one direction along the transmission 
line is diverted into one load, and the same fraction of the 
energy travelling in the opposite direction is diverted into the 
other load. It follows that if the loads are replaced by detectors 
of the appropriate impedance, a simultaneous indication is 
obtained of the powers flowing in both directions. The net 
power transfer may then be obtained as the difference of the 
powers; their ratio is equal to the square of the reflection co- 
efficient at the load in which the transmission line is terminated. 
' For many applications it is essential that a directional coupler 
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should not cause reflection in the transmission line into which 
it is inserted (this will be termed the main transmission line), 
and that the two auxiliary outputs should be well matched to 
transmission lines of the same characteristic impedance. The 
simplest method of satisfying these requirements simultaneously, 
particularly when close coupling to the main transmission line 
is required, is to use a symmetrical directional coupler in which 
there is no distinction between the terminals intended for con- 
nection to the main transmission line and those of the auxiliary 
outputs. 

It is convenient to represent a symmetrical directional coupler 
by the symbol shown in Fig. 1(a@), in which A,, A>, B,, Bz each 


By 
(a) (b) 


Fig. 1.—(a) Symbol representing a symmetrical directional coupler. 
(6) Action of a directional coupler. 


represent a pair of terminals suitable for connection to a trans- 
mission line. As suggested by the symbol there are two planes 
of symmetry, so that each pair of terminals is indistinguishable 
from any other. In Fig. 1(b) three of the pairs of terminals are 
terminated in pure resistances equal to the characteristic 
impedance of the transmission line for which the directional 
coupler has been designed (this will be termed the characteristic 
impedance of the directional coupler), and the fourth, Aj,, is 
connected to a generator. Part (usually the greater part) of the 
r.f. power passes along the straight line A,A, into the load at A, 
but a proportion of it passes along the curved line A,B, into the 
auxiliary load at B,. If the ratio of the power supplied to the 
load at B, to that supplied to the load at A, is denoted by K?, 
K may be termed the ‘“‘output ratio’’ of the directional coupler. 
If the directional coupler is perfect and if the loads at A, and B, 
are perfectly matched to its characteristic impedance, no power 
is supplied to the load at B,. Imperfection of the directional 
coupler in this respect may be expressed in terms of the directivity 
(the ratio of the output at B, to that at B,) which is usually 
expressed in decibels. 

A symmetrical directional coupler having perfect directivity 
has the following properties :! 

(a) Referring to Fig. 1(b), the input impedance at A, is perfectly 
matched, provided that the loads at Az and B; are matched. By 
symmetry it follows that if the source impedance of the generator 
at A, is matched, the source impedances of the outputs at Az and By, 
are matched. 

(6) The outputs at A> and B, are in phase quadrature (in view of 


the symmetry it is not necessary to specify the reference planes of 
the terminals Az and B, in making this statement). 


The principal object of the work described in the paper was 
to extend the range of power-measuring equipment for frequencies 
between 100 and 1000Mc/s. For this purpose a range of 


5D) [383 ] 


‘ 


a 


384 


directional couplers was required having various output ratios 
from about 4 (—10dB) downwards. A minimum directivity of 
about 30dB was required, and like other components of the 
equipment, the directional couplers were to be matched to a 
standing-wave ratio of not less than 0:9. It was clearly desirable 
to adopt a symmetrical design if possible, since the matching 
would then be a necessary consequence of the directivity, instead 
of being a separate requirement. The directional coupler 
produced is described in Section 4. A simpler form, which has 
been incorporated in transmitters for monitoring power, is 
described in Section 5. 


(2) TYPES OF DIRECTIONAL COUPLER 
(2.1) The Maxwell Bridge 
Most transmission-line directional couplers behave at suffi- 


ciently low frequencies like the Maxwell bridge illustrated in 
Fig. 2(a), which has been rearranged in Fig. 2(6) to correspond 


Fig. 2.—(a) Maxwell bridge. 
(6) Maxwell bridge circuit rearranged as a directional coupler. 
(c) Coupled transmission lines (arrows show direction of 
coupling). 


to the physical configuration of practical directional couplers: 
The two circuits A;A, and B,B, are coupled by the inductance L 
and the capacitance C. 

Provided that L/C = R@ the bridge is balanced at all frequencies, 
and it therefore behaves as a symmetrical directional coupler of 
‘characteristic impedance Ry. The output ratio is given by 


K =O] R; = wCRS sea 


The fact that the output ratio is proportional to the frequency 
may be inconvenient for power measurement, since it accentuates 
harmonics, whereas usually the fundamental power is required. 

The simple circuit of Figs. 2(a) and 2(b) becomes modified by 
stray inductances and capacitances at high frequencies, parti- 
cularly if strong coupling (output ratios greater than about 
—30dB) is required, since the dimensions become comparable 
with the wavelength. Inductance in series with C may be com- 
pensated for by capacitance in parallel with LZ, but other stray 
reactances add to the difficulty of achieving high directivity 
over a wide band of frequencies. 


(2.2) The Reflectometer 


One of the best-known types of directional coupler is the 
reflectometer,?:3 which consists of a small loop coupled to a 
coaxial feeder so that capacitance and mutual inductance between 
the loop and the inner conductor perform the functions of C 
and L in Fig. 2(6). One of the load resistors [at B, or B, in 
Fig. 2(5)] is usually built in, so that only one auxiliary output is 
available. The reflectometer cannot readily be made to give an 
output ratio greater than 0:05 (—26dB), but if a lower output 
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ratio can be accepted, directivities up to at least 60dB are possible. 
It is not symmetrical. 


(2.3) The Bethe-Hole Directional Coupler 


This is a symmetrical directional coupler consisting of two 
coaxial lines coupled through a common hole in their outer 
conductors. The diversion of the current path round the hole 
provides the common inductance L [Fig. 2(6)], while the 
capacitance between the inner conductors through the hole 
corresponds to C. Ginzton and Goodwin have obtained output 
ratios up to 0-1, but the diameter of each coaxial line was then 
about one-third of the wavelength; the \dimensions would be 
inconveniently large except at microwave frequencies. \ 


(2.4) Coupled Transmission Lines 


The directional coupler forming the subject of the paper 
consists of two unbalanced transmission lines, which are coupled 
together by sharing a common outer conductor [Fig. 2(c)] so 
as to form, in effect, a 3-conductor transmission line. It is con- 
venient to ensure symmetry by making the two inner conductors 
identical. This arrangement may be regarded as a development 
of the reflectometer; one of the two inner conductors corre- 
sponds to the inner conductor of the main transmission line, and 
the other to the coupling loop. Alternatively it may be considered 
as a Bethe-hole directional coupler in which the hole has been 
extended longitudinally. It will be shown that the 3-conductor 
line acts as a directional coupler even when its length is com- 
parable with the wavelength, and that it has other advantages. 

Firestone® has investigated directional couplers in which 
balanced transmission lines consisting of thin wires are coupled 
together, and has pointed out their relationship to the 3-conductor 
line, which is the unbalanced equivalent. A more general 
treatment of balanced coupled transmission lines has recently 
been given by Oliver.7 


(3) THEORETICAL CONSIDERATIONS 
Figs. 3(a) and 3(6) show a symmetrical 3-conductor trans- 
mission line excited as a balanced and an unbalanced 2-conductor 
line, respectively. Let the characteristic impedance be 2R, for 


(a) (b) 


Fig. 3.—Three-conductor line. 


a) As a screened balanced transmission line: characteristic impedance, 2R5. 
6) As an unbalanced transmission line: characteristic impedance, $R,. 


the balanced line and +R, for the unbalanced line. It will be 
evident that R, and R, differ only by reason of the coupling 
between the inner conductors. It is shown in Section 11.1 that 
the 3-conductor line behaves as a symmetrical directional os 
whose characteristic impedance Rp is given by 


R2 = R,R, (2) 


provided that the velocity of propagation is the same both for 

the unbalanced and the balanced modes of excitation shown in 

Fig. 3. This last condition might not be satisfied if the dielectric 
were not uniform. 

It is convenient, in view of eqn. (2), to express R, and R, as 

TRE <> kRo 

R, = Rolk Gy 


where & is a parameter which must be greater than unity; its: 


: 


j 
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leparture from unity is a measure of the coupling between the 
‘nner conductors. The output ratio K is shown in Section 11.1 
o be given by 


K = }(k —1/k)sin Bl . (4) 


where lis the angular length. An equivalent analysis of balanced 
;oupled transmission lines has been published independently 
‘py Oliver.7 The parameter ¢ in Oliver’s paper corresponds to 
‘cin this paper. 

At low frequencies, such that B/ < 1, the mutual inductance 
sod capacitance between the inner conductors may be regarded 
jas lumped rather than distributed, so that the coupled trans- 
mission lines behave like the Maxwell bridge shown in Fig. 3. 
The output ratio may be deduced from eqn. (1), if LZ and C are 
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(b) The directivity was to be at least 30dB. 
(c) A range of output ratios up to about —10dB was required. 


In order to simplify the design and construction of a range of 
directional couplers having different output ratios at the same 
frequency (or giving the same output ratio at different fre- 
quencies), it was decided that the directional couplers were to 
differ only in the length of the 3-conductor line. The cross- 
section of this line and the configuration of the junction at each 
end were to be the same in all cases. 

Fig. 4 shows the prototype. The 3-conductor line consists of 
two parallel strips in a square-section outer shield. At each 
end the two inner conductors are supported by a polystyrene 
insulator, and are splayed outwards and tapered down to join 
the inner conductors of matched r.f. connectors. 


Scale 


| 0 ] 2 3 
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taken to be the mutual inductance and capacitance between the 
inner conductors. The result is identical to that deduced from 
eqn. (4) if sin BL i is replaced by B/. At higher frequencies the 
‘output ratio varies sinusoidally with frequency; a qualitative 
explanation of this effect is outlined below. 

Referring to Fig. 2(c), the direction of coupling is such that if 
power flows through the directional coupler from A; to A>, a 
fraction is diverted to B;. Each short element of the 3-conductor 
line may be considered as containing a directional coupler of the 
_Maxwell-bridge type, and the total output at B, is the sum of the 
contributions from different elements. These contributions will 
take the paths indicated by the arrows in Fig. 2(c), and will 
arrive at B, in different phases. If the length is increased from 
zero the output ratio will increase linearly until the mis-phasing 
begins to take effect. When the length reaches one half-wave- 
length, all phases from 0 to 27 will be represented equally, and 
the output ratio will be zero. 

The maximum output ratio, which is obtained for a length 
equal to one-quarter wavelength, is equal to 4(k —1/k). It 
follows that for a high output ratio k must be large; the inner 
conductors must be close together so as to form a balanced 
een line of low characteristic impedance, while the 

verall transverse dimensions of the two inner conductors 
together must be small compared with the outer conductor, so as 
to form an unbalanced line of high characteristic impedance 
when connected as in Fig. 3(d). 


(4) A DIRECTIONAL COUPLER FOR GENERAL 
LABORATORY USE 

This Section is concerned with the prototype-of a range of 
directional couplers for power measurement and _ general 
laboratory use at frequencies up to 1 000Mc/s. The principal 
application envisaged will be discussed in Section 7.1; for the 

present it is sufficient to list the following requirements: 
(a) The directional couplers were to be symmetrical, and to be 


_ fitted with four identical r.f. connectors suitable for connection to 
--71-ohm coaxial cable (Uniradio 21). 


E\ 


Fig. 4.—Directional coupler for laboratory use. 


In the first place it was necessary to choose the cross-section 
of the 3-conductor line so as to satisfy eqn. (2) and to design the 
ends so as to ensure that discontinuities and stray coupling 
would not impair the directivity. The characteristics of the 
3-conductor line were determined by means of inductance 
measurements at 1Mc/s—a frequency low enough to enable 
capacitances to be ignored but high enough for skin and proximity 
effects to be substantially complete. The internal impedance of 
the conductors, which is negligible at very-high frequencies, 
could not be neglected completely at 1 Mc/s. A small correction 
was therefore made for its effect on the measured inductance by 
observing the measured resistance and using the fact that, when 
skin effect is substantially complete, the internal resistance and 
internal reactance are equal. This procedure was applied in the 
measurement both of self-inductance per unit length and mutual- 
inductance per unit length. 

The 1 Mc/s measurements were made with a medium- and 
long-wave series impedance bridge* measuring inductance and 
resistance down to 0:001jH and 0-01 ohm respectively, and 
provided with a pair of floating potential terminals. Measure- 
ments were made by connecting both inner conductors to the 
outer at one end, and passing current along one inner conductor 
from the current terminals of the bridge. Holes drilled through 
the upper cover-plate enabled a coaxial probe, which was con- 
nected by a screened cable to the potential terminals, to be used 
to sample the potential difference between inner and outer 
conductors. By measuring this at two points on each inner 
conductor, the self-inductance and mutual-inductance per unit 
length were obtained, and R, and R, were deduced. Changes 
were then made in the cross-section until /(R,R,) was as near 
to 71 ohms as could be measured. With the final cross-section 
the parameter k = 4/(R,/R,) was 1:46. This value indicated a 
maximum output ratio of 0:39 (—8-2dB). 

After determining the required cross-sectional dimensions of 
the 3-conductor transmission line in the manner described above, 
the directional coupler was assembled in the form shown in 

* This was developed by C. G. Mayo. 


386 


Fig. 4, and measurements of the directivity were made at fre- 
quencies in the range 100-900Mc/s. It was assumed that 
imperfect directivity could be attributed to discontinuities and 
stray coupling at the ends, and adjustments were therefore made 
at the ends to obtain maximum directivity, while preserving 
symmetry. The directivity was initially determined by observing 
the apparent reflection coefficient of a 7l-ohm resistor fitted 
into a r.f. connector, but final adjustment and testing could not 
be carried out in this way because the matching of the load 
resistors available could not be relied upon to the accuracy 
required. (Referring to Fig. 1(6), if the load at B, is replaced 
by a detector, the observed signal will be the vector sum of 
components due to reflection at A, and B, in addition to the 
component due to imperfect directivity of the directional coupler.) 
The load resistors were therefore replaced by equal lengths of 
cable terminated in resistors that were deliberately mismatched, 
and measurements were carried out over a band of frequencies. 
Owing to the lengths of cable, the comparatively strong reflec- 
tions occurring at the resistors varied in phase relative to the 
apparent reflection introduced by the imperfect directivity. Asa 
result the measured refiection coefficient showed a cyclical 
variation whose amplitude was a measure of the imperfect 
directivity. 

The end regions in which adjustment is required may be con- 
sidered as additional short sections of 3-conductor line. In 
order that these should not impair the directivity they must 
satisfy the same conditions as the main 3-conductor line. The 
electrical length must be the same both for balanced and un- 
balanced modes of propagation, and the characteristic impe- 
dances must satisfy eqn. (2). The value of the parameter k 
applicable to the end sections is unimportant. For example, it 
could be the same as for the main 3-conductor line, which would 
in effect be lengthened. Alternatively it would be unity, when the 
end sections would not contribute to the coupling, but merely 
act as short lengths of matched coaxial line between the direc- 
tional coupler and its terminals. Since two independent con- 
ditions must be satisfied, two independent adjustments will 
generally be necessary. For example, these could be equal-value 
variable capacitors between the inner conductors and the outer, 
and a variable capacitor between the inners. In fact, the pro- 
cedure adopted was to design the directional coupler with 
-excessive inductance at each end, and to begin the adjustment 
by adding the square-section brass blocks marked P in Fig. 4. 
These were long enough to make contact with both cover-plates, 
and their cross-section was chosen experimentally for the highest 
directivity. It happened by chance that the optimum size gave 
an adequate directivity, and no further change was made. 

In the absence of signal generators having accurate attenuators 
and covering a sufficiently wide band of frequencies, the output 
ratio was measured with a thermistor milliwattmeter. An 
oscillator was connected to A, through a matched dissipative 
attenuator, and the powers available at A, and B,; were compared 
by means of the milliwattmeter, outputs not otherwise connected 
being terminated in matched load resistors. To reduce the range 
of powers to be measured, a 10dB dissipative attenuator, whose 
attenuation had been measured in a separate experiment, was 
used to reduce the output from A>. In Fig. 5 the measured out- 
put ratio is plotted.against frequency and compared with a sine 
curve chosen for best fit to the measured points. 

Fig. 5 shows that the output ratio satisfies a sinusoidal law 
within the limits of experimental error. It attains a maximum 
value at 565 Mc/s, at which frequency one quarter-wavelength is 
13-3cm. This effective length is 0-15cm longer than the 3- 
conductor line, measured between the outer surfaces of the 
polystyrene supports. The maximum output ratio is 0-42 
(—7-5dB), as compared with the value 0:39 deduced from the 
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Fig. 5.—Output ratio of directional coupler shown in Fig. 4. 


© Measured values. 
Sine curve chosen for best fit. | 


low-frequency inductance measurements. The discrepancy is 
attributed to error in measuring the small mutual inductance 
between the inner conductors. 

The directivity, measured with the lengths of cable used for the 
adjustment, exceeded 35dB at all frequencies in the band 
100-900 Mc/s. A lower directivity would probably be observed 
if different samples of cable were used, owing to the non- 
uniformity of the characteristic impedance. 


(5) A SIMPLE DIRECTIONAL COUPLER FOR MONITORING 
TRANSMITTER POWER 

A different type of directional coupler was required for 
monitoring transmitter output power in connection with propa-. 
gation experiments in the v.h.f. and u.h.f. bands. Output ratios 
of the order of —25dB were required. A high directivity was 
not essential, 20dB being adequate. 

Reflectometers could have been designed to give the required 
performance at the fundamental frequency, but they would have 
been unduly responsive to harmonics, since the output ratio is 
proportional to the frequency. This difficulty was overcome 
by using a 3-conductor transmission line one quarter-wavelength 
long at the fundamental frequency, which would suppress the 
even harmonics [sin 8/ = 0 in eqn. (4)], and would couple to 
the odd harmonics only to the same extent as to the fundamental. 

The design of the 3-conductor line was suggested by the fact 
that if two transmission lines, each having a characteristic 
impedance Rj in the absence of the other, are arranged parallel 
to one another with weak coupling between them, they form a 
directional coupler whose characteristic impedance is approxi- 
mately equal to Rj. Firestone® investigated balanced open-wire 
directional couplers based on this principle, and suggested that 
their unbalanced equivalents could be devised. 

Fig. 6 shows one of the directional couplers. Two lead- 
covered polythene-filled cables (Uniradio 25) were each milled 
to form a flat surface, the cut extending into the polythene 
dielectric, which was exposed in a slot. They were then clamped 
together with the slots coincidental, and the outer conductors 
were soldered together. The slots were necessarily tapered at 
each end where the cables were bent away from the flat surface, 
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Fig. 6.—Simple directional coupler. 


put this was in any case desirable, since the discontinuities 
caused by rectangular ends would have impaired the directivity. 
‘The length of the slot was made slightly greater than one quarter- 
wavelength, in order to allow for the tapering. One of the 
cables was arranged to replace an existing cable link in the 
transmitter; the ends of the other cable were terminated in 
matched crystal detectors for monitoring the forward and 
reflected powers. 

Section 11.2 contains an approximate theoretical analysis based 
‘upon the assumption that the inner conductors are thin compared 
with their spacing. The result, as applied to 71-chm polythene- 
dielectric cables, is illustrated in Fig. 7, which shows the output 
ratio and the directivity as a function of 0, the angle subtended 
by the slot at the axis of either inner conductor. 


Output ratio, db 


100 150 


Fig. 7.—Characteristics of directional couplers made from 71-ohm 
polythene cable. 


Theoretical maximum output ratio. 
© Measured maximum output ratios. 
---- Theoretical reciprocal of directivity. 


The finite directivity shown in Fig. 7 is a measure of the 
departure of Ro, which is equal to +/(R,R,), from Ro, the 
characteristic impedance of the cable. If @ is increased from 
zero, Ro increases from Rj to a maximum value, the directivity 
falling from infinity to a minimum. If @ is increased further, 
Ro decreases; as it passes through Ro the directivity again becomes 
infinite. For values of @ greater than about 100°, at which the 
minimum directivity occurs, the assumptions upon which the 
approximate analysis depends are no longer valid, but this 
qualitative description of the variation of directivity with 6 
will nevertheless be correct. In any case it would be impracticable 
to make 0 close to 180°, since the inner conductors would be so 
close together that small mechanical imperfections could have a 


serious effect. 
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For small values of 6 the output ratio and the reciprocal of 
the directivity are equal and proportional to 02. 

A number of directional couplers of the type shown in Fig. 6 
have been made for frequencies between 180 and 600Mc/s. 
Accurate measurements of the directivity have not been made, 
but its value exceeds 20dB in all cases. The maximum output 
ratios are plotted against 0 in Fig. 7; they show good agreement 
with the theoretical curve. 


(6) CASCADE CONNECTION OF SYMMETRICAL 
DIRECTIONAL COUPLERS 

A feature of the directional couplers made from coupled trans- 
mission lines is the fact that a high output ratio can be achieved 
while preserving a high directivity over a wide band of fre- 
quencies. Nevertheless practical difficulties may be encountered 
if output ratios in excess of —10dB are required, particularly if 
the frequency and the power to be handled are both high. For 
example, if the characteristic impedance is 70 ohms and the 
maximum output ratio is to be unity (0dB), from eqns. (3) and (4) 
it is found that R, and R, must be 169 and 29 ohms, respectively. 
These values could be realized by the use of two parallel strips 
lin wide spaced approximately 0-2in apart in a cylindrical 
outer conductor approximately 2:S5in in diameter. The narrow 
gap between the inner conductors would limit the power-handling 
capacity, but an attempt to overcome this difficulty by increasing 
the cross-sectional dimensions might impair the directivity at 
frequencies above about 100Mc/s owing to end effects. One 
solution is to obtain a high output ratio by combining together 
two or more directional couplers of lower output ratio. 

Fig. 8(a) shows two directional couplers A,A,B;B, and 
A‘{A;B‘B; of the same characteristic impedance Ry connected 


By Bp By veiN, 


(a) 
Bo 
S=—- By 
A, 
Ab 
(b) 


Fig. 8.—Cascade connection of directional couplers. 


(a) Diagrammatic. 
(6) A practical arrangement. 


together by equal transmission lines A,A; and B,B, to form a 
single network A,A5B{B,. Fig. 8(b) shows this method of 
combination applied to the simple directional couplers described 
in Section 5. In order to verify that the combination is also a 
true directional coupler whose characteristic impedance is Ro, 
suppose that A, B}, and B, are each terminated in a resistance 
Ry and that a signal is injected at A,;. It is clear that the 
only possible paths for the signal are A;A,AjAj5, A,A,A{Bj, 
A,B,B3B;, and A,B,B3A;, and that there can be no output 
at B, and no reflection back towards A,. Let the input at A; 
be such that the signal reaching A, by the path A,A,AjA; is 
represented in magnitude and phase by unity. Then signals 
reaching Bj by the paths A,A,A;B; and A,B,B,B; will respec- 
tively be represented by jK’ and jK, where K and K’ are, respec- 
tively, the output ratios of the first and second directional 
couplers. A signal represented by —KK’ will also reach A}. 
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It follows that the total outputs at B; and Aj are respectively 
j(K + K’) and (1 — KK’). The combination therefore con- 
stitutes a directional coupler of output ratio Kp given by 


Ky =(K + K)/U — KK) 
or arc tan Ko = are tan Ks arcitan’ Ki" 20%. 2) 1G) 


The lengths of the connecting transmission lines B,B, and A,Aj; 
are immaterial, provided that they are equal and matched. 

Eqn. (5) may be generalized by induction to give the output 
ratio of a directional coupler formed by the cascade connection 
of any number n of directional couplers having output ratios 
Ko Kan ensns Ki i ALS CUVET DY, 


y n 


“a 
arc'tan. Ko = >) atc tanKGe a 2). eo) 
r=1 

The band of frequencies in which the output ratio remains 
within given limits is slightly narrower for a combination of 
directional couplers of equal length than for a single directional 
coupler. For example, suppose that the maximum output ratio 
is unity, and that the bandwidth is determined by the frequencies 
at which the output ratio falls to 0:9. A single directional 
coupler would have a bandwidth equal to 57% of the mid-band 
frequency. Alternatively if three identical directional couplers, 
each having a maximum output ratio of 0:27 (= tan 15°) were 
combined, the bandwidth would be reduced to 46% of the mid- 
band frequency. 

A considerable improvement in the constancy of output ratio 
with frequency may be achieved by combining in cascade 
directional couplers formed by coupled transmission lines of 
differing lengths; in this way the bandwidth can be made greater 
than that of a single directional coupler. The simplest arrange- 
ment is to use one or more directional couplers a quarter- 
wavelength long and one three-quarter-wavelength long at the 
mid-band frequency; more elaborate combinations are possible. 

A method of cascade connection, alternative to that shown in 
Fig. 8, exists in which B, is connected to B; and A, to Aj. This 
method appears to be less useful, since the output ratio depends 
upon the length of the connecting cables and on the phase 
delay in the constituent. directional couplers. Nevertheless, a 
pair of coupled transmission lines may be considered as an 

_assembly of elementary Maxwell bridges combined in this way. 


(7) APPLICATIONS 
(7.1) Power Measurement 


Directional couplers are particularly useful for extending the 
range of r.f. power-measuring devices, such as thermistor milli- 
wattmeters. The most convenient level for power measurement 
is a few milliwatts, since the thermal time-constant of the 
thermistor can be made short; and since its physical dimensions 
can be made small so as to facilitate matching. Lower powers 
can be measured if steps are taken to compensate for changes in 
ambient temperature. At frequencies up to 1 000 Mc/s at least, 
dissipative attenuators can be constructed from rod-and-disc 
resistors so as to extend the range to powers of the order of 
1 watt, but for higher powers the difficulty of matching attenuators 
increases, since larger resistors are necessary. 

A method of using a directional coupler to extend the range 
of a milliwattmeter to higher powers is indicated in Fig. 9. 
Although a load capable of absorbing the power to be measured 
is required, this need not be accurately matched. For many 
purposes reflection at the load may be ignored, since the error 
caused by doing so is proportional to the square of the reflection 
coefficient, but if it must be taken into account, the reflected 
power may be determined by interchanging the milliwattmeter 
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Fig. 9.—Power measurement. 


and the low-power matched termination; the net power supplied 
to the load is then obtained as the difference between the incident 
and reflected powers. The output ratio of the directional coupler 
must be determined in a subsidiary experiment, e.g. by using a 
signal generator having an accurate piston attenuator. . 

The arrangement of Fig. 9 is particularly convenient when it is 
required to radiate a known power from an aerial for calibrating 
field-strength measuring equipment, since the radiated power 
can be measured at intervals without interrupting the calibration, 
A similar application to transmitter power monitors has been 
mentioned in Section 5. 

It is sometimes required to generate a known power at too 
low a level for direct measurement, e.g. to compare with the 
output of a signal generator. For this purpose the circuit of 
Fig. 9 may be modified by connecting the milliwattmeter to the 
directional coupler at A, instead of B,, and taking the low-level 
output from B,. 


(7.2) All-Pass Networks 


An all-pass or constant-resistance network is a lossless four- 
terminal network whose image impedances are equal resistances 
independent of the frequency. When this is connected between 
a source and a load that are matched to the image impedance, 
the insertion loss is zero at all frequencies, although the phase 
shift is in general a non-linear function of the frequency. Since 
all-pass networks are not networks of minimum phase shift, 
there must always be at least two paths between the input and 
output. 

Various all-pass networks may be made up from directional 
couplers and lengths of lossless transmission line. —Two examples 
are shown in Figs. 10(@) and 10(6). The all-pass character of 
these networks may be verified by tracing out the path of the 
signal as indicated by the arrows, and noting that if the output 
is terminated in a matched load no energy is reflected back to the 
input. The insertion loss is therefore zero if dissipation can be 
neglected. More complicated networks can be constructed by 
inserting subsidiary all-pass networks in the closed loop of 
transmission line. 

Fig. 10(c) shows the simplest unbalanced all-pass network, 
which corresponds to the network of Fig. 10() with the length 
of the loop of transmission line reduced to zero. The phase 
shift @ may be shown to be given by 


tan (¢/2) = (1/&) tan 8 (7) 


where 6 is the angular length of the three-conductor line and k 
is the parameter defined by eqns. (3). The group delay varies 
with frequency in a cyclical manner about the mean value; it 
is a maximum and minimum when @ is an odd multiple and an 
even multiple of 7/2, respectively. The response to a positive 
“unit-impulse” signal may be shown to consist of a Penitad 


. > 


\ 
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Fig. 10.—All-pass networks. 


(a), (6) Networks consisting of a directional coupler and a length of transmission line. 
(c) Simplest unbalanced network corresponding to (b). 

(d) Balanced equivalent of (c). 

(e) Network (d) modified by transposition of cross-connections. 


impulse coincident in time with the input but reduced in ampli- 
tude, followed by a train of impulses of alternating sign, the 
first being positive. 

The balanced equivalent of the network of Fig. 10(c), which is 
shown in Fig. 10(d), requires no comment. It may be modified 
by transposing the cross-connections, as shown in Fig. 10(e), to 
form a new all-pass network which has no simple unbalanced 
equivalent. To obtain the phase shift of this network, 1/k in 
eqn. (7) is replaced by k. 

The all-pass networks have been discussed mainly as a 
curiosity, but applications may exist. For example, they could 
be used for ensuring a quadrature phase relationship between the 
feeds to two aerials over a wide band of frequencies. Phillips® 
1as employed conventional all-pass networks for this purpose at 
Tequencies up to a few megacycles. An alternative method of 
maintaining a quadrature phase relationship over a wide band of 
frequencies is discussed in the following Section. 


(7.3) Quadrature Hybrid Networks 


Referring to eqn. (4) it will be seen that K attains a maximum 
yalue at the frequency at which 0 = 77/2, i.e. when the length of 
he directional coupler is equal to one quarter-wavelength. At 
1eighbouring frequencies K will be approximately constant. By 
ranging that the maximum value is equal to unity (or slightly 
treater than unity) K can be made approximately equal to unity 
yver a wide band. (For example if its maximum value is 1-05, 
K will lie between 0-95 and 1-05 over a band whose width is 
16% of the mid-band frequency.) When K is equal to unity the 
lirectional coupler belongs to a class of networks which may be 
ermed quadrature hybrid networks. These have applications in 
ierial systems consisting of two parts fed with equal powers in 
hase quadrature. Other networks of this type are known, but 
hey are more complicated and do not cover such a wide band. 

In one application, illustrated in Fig. 11(a), the directional 
oupler, acting as a quadrature hybrid network, could be used 
© combine the outputs of two transmitters without the use of 

uency-selective networks. For example, it could take the 

of the diplexer and a quarter-wavelength of transmission 

in an aerial system of the type used at the Sutton Coldfield 
elevision station, which has been described by Bevan and Page.? 


\ 


/ 


389 
To aerials To aerials 
via equal feeders via equal feeders 
By Ay 
B 
Ay 2 ah 
ww Resistive 


load 


Transmitter | Transmitter 


(a) (b) 


Transmitter 2 


Fig. 11.—Applications to phase-quadrature aerial systems. 


(a) Diplexer. 
(5) Power-equalizing network. 


Fig. 11(5) illustrates a similar application, in which the 
directional coupler, again acting as a quadrature hybrid network, 
forms, with a resistive load, a power-equalizing network. In this 
arrangement the impedance of the aerials may be allowed to 
depart more widely from the characteristic impedance of the 
feeders than would be permissible if the aerials were fed in 
parallel through feeders differing by one quarter-wavelength. 
Provided that the two aerials have the same impedance, departure 
of this impedance from the characteristic impedance of the 
feeders does not affect the radiation pattern or the input impe- 
dance at A,, since energy reflected owing to mismatch is absorbed 
in the resistive load at By. The use of a power-equalizing network 
in this way has been described by Masters.!° The principal 
advantage of using the directional coupler (with a resistive load) 
as a power-equalizing network is the wide band of frequencies 
covered. A possible application would be the radiation of two 
television programmes from a single aerial of the “superturnstile”’ 
type, which has itself a wide bandwidth. 

For many transmitting applications, power-handling difficulties 
would necessitate the use of directional couplers connected in 
cascade in order to achieve the required output ratio of unity. 


(8) CONCLUSIONS 

Directional couplers consisting of coupled transmission lines 
offer advantages over other types for general laboratory use. A 
directivity exceeding 35dB has been achieved at frequencies up 
to 900 Mc/s with a maximum output ratio of —7:5dB. A simple 
form of directional coupler made from lead-covered cable has 
given directivities exceeding 20dB without any form of experi- 
mental adjustment. The sinusoidal variation of output ratio 
with frequency enables a fairly constant output ratio to be 
obtained over a band of frequencies by arranging the length to 
be one quarter-wavelength at the mid-band frequency. This 
procedure also suppresses even harmonics of the mid-band 
frequency; the output ratio for odd harmonics is then the same 
as that for the fundamental. 

Up to the present the directional couplers described have been 
used only for power measurement, but the possibility of other 
uses exist. These include a range of all-pass networks consisting 
of directional couplers and lengths of transmission line, and 
applications to aerial systems consisting of two parts fed in 
phase quadrature. 
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(11) APPENDICES 
(11.1) Derivation of the Results of Section 3 


Fig. 12 shows a 3-conductor transmission line characterized 
by push-pull and push-push characteristic impedance 2R, and 


Fig. 12.—Three-conductor line characterized by R, and Rp, 
(defined in Fig. 3) 


Ro equals the characteristic impedance of the coaxial lines. 
Source impedance of generators is zero. 


4R,, as defined in Fig. 3. The inner conductors are connected 
to coaxial transmission lines terminated in their characteristic 
impedance Ry, which is assumed to be equal to (R,R,)!/2. The 
generators shown connected in series with the loads at A, and B, 
are assumed to have zero self-impedance. If the generator at A, 
only is assumed to be operative, this will cause waves to pass 
along the coaxial line to the 3-conductor line. As a result waves 
may in general pass from the 3-conductor line towards A,, B, 
and B,, and there may also be reflection back to A;. It is 
required to find the relative amplitudes and phases of these 
waves. 

The problem is simplified by considering a second generator 
connected at B,, as shown in the Figure, and assuming the two 
generators to operate firstly in phase and secondly in antiphase. 
By applying the superposition theorem the effect of a single 
generator at A, is obtained. In what follows the amplitudes of 
waves will be characterized by the voltage, rather than the current. 
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First it will be assumed that each generator produces a positive 
impulse, so that a positive unit impulse travels from A, and By 
towards the left-hand junction. Two coaxial lines in parallel 
have a characteristic impedance $Rp, and the 3-conductor line 
behaves like an unbalanced transmission line of characteristic 
impedance +R, =+4kRp. The voltage reflection coefficient at 
the junction is therefore (k — 1)/(K + 1); positive impulses of 
this magnitude will be returned to A; and B;. An impulse of 
magnitude 2k/(k + 1) will travel from left to right along the 
3-conductor line. Since the reflection coefficient at the right- 
hand junction will be (1 — k)/(k + 1), an impulse of magnitude 
4k/(k + 1)? will pass into the loads at A, and B), and an impulse 
of magnitude 2k(1 — k)/(k + 1)? will travel from right to left 
along the 3-conductor line. The last-mentioned impulse will 
now be reflected backwards and forwards in the 3-conductor 
line, and it will be changed in sign at each reflection. A geo- 
metrically-decreasing train of positive impulses will arrive at 
A, and Bo, and a train of negative impulses will arrive at A; and By. 

The result may be summarized as follows. If waves charac- 
terized by the unit impulse 8(/) are incident on the left-hand 
junction from A, and B,, the resulting output at A, and B, is 
characterized by the function H,(‘), where 


4k ®@ sk — 12" 
ALO = Gap eae 


The waves reflected back to A; and B, are characterized by the 
function H,(7), where 


d[t—Qat+ Dic] . (8) 


k-1 k —1y2"+1 
HO =O =e ¢ ==)  8[t-@n+ 2ife] 
(9) 


A similar process occurs if the generator at B, is reversed, so 
that the two generators are excited in anti-phase; the reflection 
coefficient at either junction is found to be of the same magnitude 
as before but reversed in sign. The outputs at A;, A>, B,, and Bz 
are found to be —H,(t), H,(‘), H2(¢), and —H,(d), respectively. 

If the outputs due to the push-push and push-pull excitations 
are added and the sum is halved, the output due to a unit impulse 
incident on the left-hand junction from A, is obtained. It is 
zero at A, and B>, H,(¢) at A>, and H,(¢) at B,. 

By expressing the outputs at A, and B, in terms of theif 
frequency spectra, the ratio of the output at B, to that at A, 
at an angular frequency w is found to be 


i(k — 1/k) sin (l/c) 


where c is the velocity of light. 

The fact that the two outputs are in phase quadrature and 
that there is no output at B, establishes that the device is a 
directional coupler of characteristic impedance Ro. The output 
ratio as stated in eqn. (4) is confirmed. 


(11.2) Analysis of the Directional Coupler described in Section 5 


It is required to find the push-push and push-pull characteristic 
impedances, $R,,, 2R,, of the 3-conductor line. The geometric 
mean of these quantities is the characteristic impedance of the 
directional coupler, whose departure from the characteristic 
impedance of the coaxial cable from which the directional coupler 
is made determines the finite directivity. The ratio R,/R, 
determines the output ratio. 

The method is to change the cross-section. of the 3-conductor. 
line into a simpler form by a conformal transformation. _Provided 
that the transformation is 1:1 (this excludes transformations 
which divide one conductor into two or more, and those which 
superimpose two or more conductors), R, and R, will be un- 
changed by the transformation. i 


) 


approximation will be made by assuming that the radius 
‘the inner conductors is small compared with their spacing 
rom each other and from the outer conductor. Expressed in 
shysical terms the approximation is equivalent to neglecting the 
on-uniformity of the distribution of current round the periphery 
each inner conductor. Mathematically, the procedure is as 
follows. Suppose that in the z-plane the axis of an inner con- 
ductor is represented by the complex number z,, and that its 
periphery is the locus z = z, + ae/®, a being the radius. If 
now the transformation w = f(z) is made, the new axis will be 
at w = f(z,) and the periphery will be the locus w = f(z, + aeé/®). 
[f a is small the latter expression may be expanded by Taylor’s 
theorem and powers of a above the first may be neglected: 


w = f(z) + ae/*f"(z,) (10) 


Tt follows that to a first approximation the periphery in the 
w-plane remains a circle centred on the point w = f(z,) corre- 
sponding to the centre in the z-plane. The radius is, however, 
changed from a to alf’(z,)|._ It would not be difficult to obtain 
a second approximation by taking into account the next term of 
the Taylor series—the effect is mainly to displace the centre of 
ite periphery slightly—but unwieldy expressions result. 

_ The transformation is illustrated in Fig. 13, in which (a) is 


| 
| 
: Kz) 
| 


' Fig. 13.—Conformal transformation of the cross-section. 
_ (a) z-plane (original cross-section). 


} (©) w-plane. w=(@+ . 49)-1, 
fe (c) u-plane. u = a @ Ou sin 46 — ier 9) 
" 2x sin 40 


‘ (d) Conducting half-plane replaced by images of conductors in it. 
f Change of scale. 
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cross-section of the 3-conductor line. For convenience 
radius of the outer conductor is taken to be unity, and the 
_ of the slot is expressed in terms of 0, the angle subtended 
axis of either inner conductor. The actual cross-section 
il be regarded as the z-plane. 
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The first stage in the transformation is to carry out a geometrical 
inversion with respect to the left-hand edge of the slot, the radius 
of inversion being unity. This is done by putting 


w =(z + sin 46)-! (11) 


The resulting cross-section in the w-plane is shown in Fig. 13(4). 
It will be seen that the outer conductor now takes the simpler 
form of a conducting wedge, which partially screens the two 
inner conductors from one another. If the width of the slot 
tends to zero in Fig. 13(a), the wedge in Fig. 13(b) becomes more 
acute and its apex moves to the right, until eventually the two 
inner conductors are completely separated by an infinite con- 
ducting plane. The radius of each inner conductor is unchanged, 
since |dw/dz| is unity at the axis. 

The cross-section in the w-plane is further simplified by moving 
the origin to the apex of the wedge and raising w to a fractional 
power so as to reduce the angle of the sector not occupied by 
the wedge from 27-0 to 7. At the same time the dimensions 
are simplified by making a change of scale. This is done by 


putting 
ans - San gg 2" sin 40 — 1)7I2n—-o (12) 
The derivative of u is given by 
= win 36 — 1-7 -B12r-9) (13) 


At the axis of either inner conductor |du/dw| is equal to unity; 
the radius of the inner conductors therefore remains unchanged. 
The resulting cross-section in the u-plane is shown in Fig. 13(c). 

Instead of considering the cross-section of Fig. 13(c) directly, 
the conducting plane into which the outer conductor has finally 
been transformed is replaced by the images of the inner con- 
ductors in it, as shown in Fig. 13(d). We now have to consider a 
balanced directional coupler formed by two open-wire trans- 
mission lines coupled together. 

Referring to Fig. 13(d), R, is equal to the characteristic 
impedance of the balanced transmission line formed by con- 
necting conductors 1 and 3 and conductors 2 and 4. R, is 
equal to the characteristic impedance of the balanced trans- 
mission line formed by connecting conductors 1 and 4 and 
conductors 2 and 3. Assuming that the radius of the inner 
conductors is small compared with the spacing between them 
the result is found to be 


dd 
R, = 60log, + = 
3 
2n —O aw 
= g i 14 
Plve. oer gery), " 08, 608 ay 5 4) 
dod 
R, = 60log, aE 
Ca cedmed ) + 60log, cos 7 (15) 
ah. (Fang ae 5; 5 
Eqns. (14) and (15) may be interpreted as follows. The first 


term in the expressions for R, and R, is the characteristic impe- 
dance of the unbalanced transmission line formed by one inner 
conductor and the outer conductor, the other inner conductor 
being removed. If @ tends to zero this term tends to Ro, the 
characteristic impedance of the coaxial cable from which the 
directional coupler has been made. This is given by 


Ry = 60 log.(1/a) (16) 
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For finite but small values of @ the presence of the slot increases 
the characteristic impedance by an amount proportional to 62. 
The second term takes account of the coupling between the inner 
conductors through the slot; it is positive in the expression for 
R,, and negative in the expression for R,, and is proportional to 62 
for small values of 0. 

The output ratio K and the characteristic impedance Ry of a 
directional coupler constructed from the 3-conductor line of 
Fig. 13(a) are obtained by substituting for R, and R, in eqns. (4) 
and (2), respectively. In practice it is assumed in using the 
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directional coupler that its characteristic impedance is equal to 
Ry, which is given by eqn. (16). It can be shown that if the 
difference between Ry and Rp is small, as is the case in practice, 
the directivity is equal to 


RV + K) 
[Ro — Ro| 


In most applications the square root in this expression will 
be approximately equal to unity. 
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This paper treats the problem of an electric or magnetic dipole 
in or above a uniform layer of dielectric covering an infinite, 
perfectly-conducting plane. The results show that a dipole near 
or in the dielectric layer is a strong source for surface waves of 
the Attwood‘ type. These are waves which are totally internally 
reflected within the dielectric region. 

Two types of waves exist in the region above the dielectric— 
the spherical- or radiated-type wave and one or more surface 
guided-type waves. The latter are waves of cylindrical type 
which attenuate exponentially with height and which propagate 
with phase velocity less than that of, light in the half-space 
above the dielectric surface. 

For the special cases of vertical electric dipoles in or near 
fairly thin dielectric coatings the far-zone fields have been 
combined at a typical distance for a polystyrene dielectric layer 
to yield field patterns. Several examples of these are given 
illustrating the distortion of the dipole fields due to the coating 
on the conductor. To further illustrate this distortion, expres- 
sions were derived for the total power output of the dipole, 
‘the ratio of the powers in the guided and radiated waves, and the 
radiation resistances of the dipoles as functions of dipole position. 
Several curves of these quantities, with comparison curyes for 
metal surfaces without dielectric coatings, are given. In addition, 
the expressions for the attenuation coefficients of the guided 
waves due to finite but large conductivities of the conducting 
plane are derived by means of a perturbation method. 

No attempt was made to compute the attenuation due to 
dielectric loss or to describe the field and fiux distributions of 
the surface waves. These have been amply treated by Attwood.4 


List OF PRINCIPAL SYMBOLS 
R, 0 ® = Spherical co-ordinates, m, rad, rad. 
r, ®, z = Cylindrical co-ordinates, m, rad, m. 
d = Dielectric thickness, m. 
z’ = Dipole height, m. 
n* = Dielectric constant of dielectric layer relative to 
that of the half-space above the layer. 
€, & = Dielectricconstant and permeability of half-space 
above dielectric layer, farads/m, henrys/m. 
w = 2m x frequency, rad/sec. 
B = wv/(eu) = Characteristic propagation coefficient of the 
half-space, m7}. 


Dr. Brick is in the Division of Applied Science, Harvard University. 


x; = Radial propagation coefficient of the jth surface 
mode, m7}, 
Pp = Dipole moment, coulomb-m. 
m = Magnetic dipole moment, amp-m-. 
M(6) = 6-component of the electric-field relative to its 
maximum value for fixed value of R. 
P = Time average power flow, watts. 
a; = Attenuation coefficient of the jth surface mode, 
nepers/m. 
o = Conductivity, mhos/m. 
Re = Radiation resistance, ohms. 
Superscript r denotes the radiated wave. 
Superscript G denotes the guided waye. 


FORMULATION 
The configuration of interest is the infinite region shown in 
Fig. 1, with an infinitesimal electric Hertzian dipole, a magnetic 
dipole, or an Abraham dipole (half a Hertzian dipole erected 


Fig. 1.—Cross-section of the coated perfect conductor showing the 
co-ordinate system used. 


on an image plane which with its image forms a complete 
dipole) oriented along and parallel to the z-axis of the cylindrical 
co-ordinate system r, @,z. Region 1 is a half-space, region 2 is 
the dielectric region of thickness d with dielectric constant n? or 
refractive index relative to region 1, and region 3 is a perfect 
conductor. { 

The problem is formulated in terms of the z-components of 
the electric or magnetic Hertz vectors. These satisfy inhomo- 
geneous Helmholtz equations, where the inhomogeneous terms 
are of the form of constants times Dirac delta functions. The 


lolutions containing unintegrated terms are readily determined 
n terms of cylindrical co-ordinates through the application of 
he Fourier—Bessel or Hankel transform’? pair for cylindrical 
ymmetry to the Helmholtz equations the boundary conditions 
yeing derived from Maxwell’s equation and the radiation con- 
lition at infinity.5-© Solutions are obtained for the fields both 
n and above the dielectric layer. 

The results have the form of an infinite complex integral, 
yarts of which could be evaluated immediately. The evaluation 
of these parts yields spherical waves with source points at the 
lipole positions and at their images in the dielectric or metal 
surfaces. The forms of the integrands of the remaining uninte- 
rated terms show that a continuous spectrum of waves, multiply 
eflected from the dielectric and metal surfaces, exists. 

The integrands of these remaining terms are of the type which 
low asymptotic integrations of the classical!9.!!,!2 or of the 
Jan der Waerden!® saddle-point methods to be utilized. The 
lectric Hertz potentials in regions | and 2 owing to vertical 
lectric dipoles in or fairly near thin dielectric coatings are 
valuated in this manner. 
| These integrands have first-order poles at solutions, Xj, of the 
ollowing transcendental equation: 


n?a/(A3 — B?) = »/(n?B? — A2) tan [dy/(n?B? — AZ)] . (1) 
The roots of this equation must satisfy 
B <A, <p 


As fd increases, each A, increases from 8 towards nf, and the 
quation has an increasing number of solutions. An additional 
olution occurs whenever fd attains the value 


Ba = x" 5, where k = 0,1,2,... 


The residues evaluated at the poles, determined by solutions 
f eqn. (1), are of the form of cylindrical waves, which propagate 
1 the r-direction with propagation constants A, or with phase 
slocity w/A,, which is less than w/B, and which attenuate as 
xp [— z1/(A,? — B?)] in region 1 (see Fig. 1). In region 2 the 
aves have z-dependence cos [z\/(n?B? — A2)] These waves 
hug” the surface and propagate with velocity less than that 
laracteristic of region 1. Hence they are called guided, surface, 
r slow waves. They also result as eigenfunctions of the con- 
guration? (see Fig. 1) (excluding r = 0). The remaining terms, 
cluding the parts which could be immediately integrated, were 
esignated as the radiating or compensating waves. 

Upon carrying out the saddle-point integrations, it was shown 
lat the compensating waves were of the spherical type. 


THE FAR-ZONE E- AND B-FIELDS 

The representations for the far-zone E- and B-fields are 
stained by applying the well-known? relations to the Hertz 
tentials. The same two types of waves exist. 
The guided modes are elliptically polarized in region 1 with 
mi-major axis in the z-direction and semi-minor axis along r. 
1e ed for each mode, which is independent of position, 
IAs. 
Figs. 2-4 contain some examples of the computed field patterns 
otted on a semi-logarithmic scale. The field patterns are 
rves of the relative magnitudes (with respect to their maxima) 
the 6-components of the electric fields in region 1, M(@), as 

ions of 0, in the range of 0 between 0 and 7/2, for BR > 1. 
1¢ dielectric is assumed to be thin, so that 0 ~ 7/2 along the 
slectric surface. The value of BR = 239 was arbitrarily chosen, 
d the dielectric constant (n? = 2:54) of polystyrene was used 
: VoL. 102, Part B 
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Fig. 2.—Field patterns for case A (Bd = 0-107) and comparative 
field patterns for Bd = 0. 
BRo ~ 239; n2 = 2-54. 
The curves, which are marked accordingly, are plotted for @z’ = 0-10n, 7/4 
0-107; 7/2 + 0:10n; and mr + 0-107. a : Eg Pan 
Bd = 0-10n; ——_— — Bd = 0. 


40 50 
0 , deg 


] fl 
143 10 


Fig. 3.—Field patterns for, case B (fd = n7/4) and comparative 
patterns for Bd = 0. 
BRo ~ 239; n2 = 2-54, 
The curves, which are marked accordingly, are plotted for Bz’ = nm/16; n7/8; 


and 3n7/16. 
Gd = nm/4; —d=0. 


for the coating. fd is restricted to the region of single-mode 
propagation in all the computations. 

The main points of interest in these field patterns are the large 
maxima or spikes at 0 ~ 7/2 and the compressions of the rest 
of the fields with the accompanying minima between these two. 

14 
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40 50 
0 , deg 


Fig. 4.—Field patterns for case C (Bz = = 0) and comparative patterns 
for Bd = 0. 
BRo ~ 239; n2 = 2-54, 
d = 0. 


@d = 0:10n; 0:15r; nz/4; and nr/2. 


FORMULATION OF THE POWER RELATIONS 

The purpose of this Section is to show that the total time 
average power flowing across a surface surrounding a vertical 
dipole is composed of two or more independent parts—that due 
to the radiated wave alone and those due to each of the guided 
modes. 

The total fields for all values of Br greater than zero may be 
represented in the following way: 


k 
E=E'+ > Eg (2a) 
J=1 


k 
B= B+ > Bg (2b) 
J=1 

where superscript r denotes the radiated wave, superscript G 
denotes the guided wave, and k is the number of surface modes 
which can propagate. 

The power flowing across a surface S surrounding the source 
is given by 


iP -alt| | fA. (E" x B’*)dS 
2HL Js 


k 
oy A.(E’ x BG* + EG x B)ds 
J=1Js ; 
k ~ 
¥ [acy < mgs |} iy eon) 
rn 


where superscript * indicates the complex conjugate of the 
quantity. 

It can be proved through the utilization of the reciprocity 
relationship*! and specially chosen surfaces, S, that each term 
of the second integral is zero and that the third integral is zero, 
for A;~A,,, in eqn. (3). In the course of this proof a method is 
given for deriving the magnitudes of the surface waves for a 
particular source and dielectric layer without resorting to the 


il 
(e 
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evaluation of the residues and consideration of the path of 
integration. 


The total power radiated is then given by the following formula: 


P= alr | Ah. (E" X B'*)dS 
2LLJs 


“ls s 

j=l 

Computations were peer of these quantities as functions of 
the electrical-dipole height, Bz’, for n? = 2-54, and for two 
thicknesses of dielectric, 8d = 0-15 and n7/4, both in the region 
of single-mode surface-wave propagation. Fig. 5 contains 


. (EG x Benas|| = Pr pe Saag 


240 87h? 
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WA? Ipl? 
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H. 1 
‘eats Case Bs 
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Ball 
(a) 
Fig. 5.—Total power radiated and radiation resistance as a function 
of Bz’. 
(a) n? = 2-54. 
Gd = 0-152; ---- Bd = 0. 
(b) n2 = 2-54. 
Bd = nn/4; ----Sd=0. 


Fig. 6.—P&,;/P, as a function of Bz’ for Bd = 0-157. ¢ 


n2 = 2:54. § 
This includes cases A, B and C as §z’ varies. : a 
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Ba!/n 
Fig. 7.—P%,./Poy as a function of fz’ for Bg = nv/4. 
n2 = 2:54 


This includes cases A, B and C as 82’ varies. 


030 050 0:70 0:90 11 1-3 5 
Baln 
‘ig. 8.—Attenuation of a surface mode due to a large but finite 


conductivity o of the ground plane as a function of dielectric 
thickness fd. . 


rn = 2-54; 0-10m < Gd < 1-6n. 


urves of 47r<eP/(|p?|w%), where p is the dipole moment, for the 
wo values of Bd and for Bd = 0 for comparison. The discon- 
inuities at Bz’ = Bd are due to differences in the magnitudes of 
he sources in regions 1 and 2. 

Figs. 6 and 7 contain curves of P°/P’ versus dipole height Bz’ 
or the same fd’s and nas in'Fig. 5. These curves show the over- 
vhelming proportion of the power that is fed to the surface 
vave for a dipole near or in the dielectric surface, 


me 
: 
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Utilizing the perturbation formula the attenuation2> coefficient, 
«,, for Br > 1, of the Jth guided mode due to a large but finite 
conductivity, o, of the ground plane is derived. Fig. 8 contains 
a plot of the quantity 1/(2wop)a,/n7B? as a function Bd for 
n®? = 2/54 for modes 1 and 2. 

The radiation resistance** of the dipole is given by 


Ree diver (5) 
240B2h2 =i w3| p|? . ° . ° . 
where / is the half-length of a Hertz dipole or the length of an 


Abraham dipole. This quantity is plotted in Fig. 5 together 
with P. 
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The paper describes a continuation of the investigations of 
Best, Budden, Ratcliffe and Wilkes!>? on the ionospheric propaga- 
tion of radio waves of frequency 16kc/s emitted from the Post 
Office sender GBR at Rugby, and observed at Cambridge, 
90km away. This work formed part of a comprehensive pro- 
gramme of radio research at the Cavendish Laboratory on the 
propagation of long and very long waves in the ionosphere, the 
results of which have been described in a series of companion 
papers.>!° Although primarily undertaken to test the tentative 
conclusions of the pre-war work!.? and for comparison with the 
results of companion work at higher frequencies and greater 
distances, the present long series of detailed observations has 
revealed some new and interesting effects. 

The experiments have been made on continuous-wave trans- 
missions using a method previously developed! to isolate the 
downcoming wave and to make separate measurements on its 
amplitude and phase relative to the ground wave. In general, 
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which the ionospheric wave is reflected, possibly with a change of 
phase, from a sharply defined reflecting surface with a change of 
amplitude measured by a reflection coefficient. It is not intended 
to imply that the ionospheric wave is in fact returned to earth 
in this way. The ratios of the amplitudes of the normal and 
abnormal components of the wave, reflected from the fictitious 
surface, to that of the incident wave (which is entirely normal 
component) are referred to as the reflection coefficient | Rj, and 
the conversion coefficient |,R,;, respectively. There is some 
evidence!+?.5 to indicate that these coefficients are roughly equal 
for the conditions of the present experiments. 

On a few occasions simultaneous observations were made on 
signals from GBR (16kc/s, 90km) and GBZ (19-4kc/s, 222km). 
By using an adaptation of the frequency-change method of 
Appleton and Barnett!! it was then possible to deduce the 
apparent height of reflection from the measured difference 
between the phases of the downcoming waves on the two fre- 
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Fig. 1.—Diurnal variation of the phase of the abnormal component in 1948 and 1949. 


| Time of sunrise and sunset. 
— Zero phase relative to ground wave. 


the downcoming wave is elliptically polarized and may be resolved 
into two plane-polarized components—the normal component 
with its electric vector in the plane of propagation, and the 
abnormal component with its electric vector perpendicular to 
this plane. In the present experiments observations were made 
on the abnormal component alone, and it was assumed that its 
behaviour represented that of the downcoming wave as a whole. 
There is strong evidence!;*.5 to support this assumption. 

Observations on signals from GBR were made on 362 days 
between 11th March, 1948, and 30th September, 1949. At all 
times a strong downcoming wave was received. On most days 
the phase and amplitude changed smoothly and regularly, while 
on others they were more or less violently disturbed. In order to 
investigate the regular behaviour of the downcoming wave, days 
which were obviously abnormal were excluded, and the remaining 
curves were grouped in sets corresponding to 14 days and mean 
curves were drawn through them. The curves of Figs. 1 and 2 
are typical of the average curves obtained in this way. 

It is convenient to describe the results in terms of a model in 
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quencies. The results for Sth October, 1949, are shown in Fig. 3. 
On this day there were two phase anomalies of the type associated 
with solar flares, lasting from 0942h to 1230h. 

The 14-day average curves of Fig. 1 summarize the regular 
behaviour of the phase of the downcoming wave. If it is assumed 
that changes of phase result entirely from changes of height of a 
fictitious reflecting surface, these curves may be regarded as 
showing the way in which the apparent height varies throughout 
the day. All the results may then be represented by an equation 
of the form 


hy = hyo + A@logseeXeeae lt . . 


where h, and A,_9 represent the apparent heights when the 
zenith distance of the sun is X and 0 respectively, and A(f) is a 
factor which varies slowly with the time of year as shown in 
Fig. 4(@), with a marked semi-annual periodicity. The results 
shown in Fig. 4(4) indicate that 4,9 is approximately constant, 
while the measurements of apparent height, previously men- 
tioned, suggest that its value is 69km. : 

It is interesting to note that if reflection took place from a 
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Fig. 2.—Diurnal variation of the amplitude of the abnormal component in 1948 and 1949. 
| Times of sunrise and sunset. 


evel of constant electron density in the lower parts of a Chapman 
egion,! A(t) would represent the scale height of the atmosphere.” 
[t is not intended to imply that the height of the fictitious reflector 
Joes in fact correspond to a height of constant electron density. 
Inly a full-wave theory of the reflection of very low frequency 
waves can settle this point, and such a theory does not seem to 
e available at present. 

_ Fig. 5 shows that the seasonal variations of apparent height 
it local noon and at night are markedly different. At night 
here is no large semi-annual variation of the type found by day, 
eflection taking place from about 87km at all times of the year. 
The 14-day average curves of Fig. 2 summarize the regular 
ehaviour of the amplitude of the abnormal component. In 
ummer the amplitude is closely controlled by the sun but is 
10t related in any simple way to its zenith distance, whereas in 
vinter it is substantially constant throughout the day and night. 
‘ig. 6 shows that the seasonal variations of the conversion 
oefficients by day and by night are markedly different. The rapid 
ncrease of the daytime amplitude in October followed by a 
radual decrease in the spring is similar to the “November effect” 
m the strength of low-frequency waves transmitted across the 
\tlantic, 15.16.17 


\ 


7 


It is clear in many ways that the phase and amplitude vary in 
an independent manner. This evidence suggests the tentative 
hypothesis that reflection and absorption occur at different levels. 

The curves of Figs. 1 and 2 show that the daily cycles of phase 
change and amplitude change usually start quite suddenly near 
sunrise, the times of these phenomena being closely controlled 
by the sun but in different ways. The sunrise effect on the 
amplitude was clearly evident only from March to October and 
occurred about 56min before ground sunrise, whereas at all times 
of the year the effect on the phase occurred about 9min after 
sunrise. 

Two distinct types of irregular behaviour have been observed. 
The first type, which is closely associated with solar flares, has 
been described in detail elsewhere.24+ The second type appears 
to be associated, but not in a very precise way, with magnetic 
disturbances. 

The most violent and prolonged irregularities appear to be 
associated with great magnetic storms. The results of detailed 
observations made during and after the great magnetic storm of 
7th August, 1948,!8 are shown in Fig. 7. These reveal some 
peculiar effects. Apart from some violent fluctuations of the 
phase and amplitude at night, there were no marked irregularities 
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Fig. 3.—Determination of the height of reflection by the frequency-change method, 5th October, 1949. 
(a) Observed phase of the abnormal component of the downcoming wave from GBR (16kc/s, 90km) and GBZ (19-4kc/s, 222km). 


(b) Apparent height of reflection deduced from the phase curves (a). The dotted curve shows, for comparison, the variation of reflection height deduced 


from the phase curve for GBR, on the assumption that changes of phase are entirely due to changes in reflection height. 
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Fig. 4.—Seasonal variation of the parameters A(t) (slope) and hy=o 
(intercept) in the equation hy = hy=o + A(t) log sec %. 
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during the period of greatest storm activity. The most striking 
effect occurred three days after the onset of the storm when 
magnetic activity had subsided to a low level. The phase then 
remained substantially constant by day and night for three days, 
resuming its regular daily variation another four days later. 
Somewhat similar effects have been observed on very-low- 
frequency transmissions over short?» and long!® distances. 

Anomalies of a less violent nature often appear to be associated fo) 
with small magnetic storms, but it is abundantly clear that the FEB APR eee 
two phenomena are not related in any simple way. Fig. 8 shows Fig. 6.—Seasonal variation of the conversion coefficient 
an example of a phase anomaly when there was a clear-cut [curve (a)] and by night [curve (6)]. 


correspondence between the two phenomena, o Obseeralioni porn 1949. 
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Fig. 5.—Seasonal variation of the apparent height of reflection at night 
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the great magnetic storm of 7th August, 1948. 
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Fig. 8.—Deviation of the phase, compared with the variation of the 
magnetic field at Abinger, England, and Cheltenham, U.S.A., 
10th October, 1948. 


(a) Deviation of the phase on 16kc/s. 
(b) Variation of the magnetic declination at Abinger. 
(c) Variation of the vertical magnetic field at Cheltenham. 
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A TABLE OF A FUNCTION USED IN RADIO-PROPAGATION THEORY q 
621.396.11 : 538.566.2 | Monograph No. 115R 
F. HORNER, M.Sc., Associate Member. 


(Dicest of a paper (official communication from the D.SI.R. Radio Research Station) published in January, 1955, as an INSTITUTION MONOGRAPH and republished 
in March, 1955, in Part C of the PROCEEDINGS.] 


For the calculation of the field from an aerial, expressions are 
used which are based on the theory of Sommerfeld! and which 
involve a factor F(w) given by?»3 


ioe) 


+ 2jr/ Coen] e—**dx 


-—jVo 


F(w) = 1 


The parameter w depends on the form and position of the 
aerial, together with the character of the ground and the wave- 
length. 

Norton‘ has given a series for the evaluation of F(w) and 
has plotted its modulus and phase angle for a wide range of 
values of w, expressed in terms of its modulus and phase angle. 
Burrows? has also plotted a function similar to the modulus, 
and Clemmow and Mumford have tabulated the real and 
imaginary parts of a related function.’ 

In some types of calculation—in particular those involving 
ground reflection coefficients in the form given by McPetrie6‘— 
it is convenient to have values of the real and imaginary parts of 
F(qw) expressed in terms of the real and imaginary parts of w. 
Tables in this form have therefore been prepared by E. J. York, 
using the Ace Pilot Model, at the Mathematics Division of the 
National Physical Laboratory in collaboration with the Radio 
Research Station. 

Real and imaginary components of w are denoted by 4(w) 
and .4(w), and three Tables are given as follows: 


Table 1.—For values of #(w) and +.4(w) between 0 and 10 
at intervals of 0-5. 

Table 2.—For values of &(w) and —.%(w) between 0 and 2 
at intervals of 0-1. 


3 
Table 3.—For values of #(w) and —4(w) between 0 and 0: ‘5 


at intervals of 0:05. 
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